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ABSTRACT
Nature is frequently turned to for inspiration for the creation of new materials.
Insect antennae are hollow, blood-filled fibers with complex shape, and are cantilevered
at the head. The antenna is muscle-free, but the insect can controllably flex, twist, and
maneuver it laterally. To explain this behavior, a comparative study of structural and
tensile properties of the antennae of Periplaneta americana (American cockroach),
Manduca sexta (Carolina hawkmoth), and Vanessa cardui (painted lady butterfly) was
performed. These antennae demonstrate a range of distinguishable tensile properties,
responding either as brittle fibers (Manduca sexta) or strain-adaptive fibers that stiffen
when stretched (Vanessa cardui and Periplaneta americana). Scanning electron
microscopy and high-speed imaging of antennal breakup during stretching and impact
test revealed hidden features of complex coupling of blood pressure and cuticle
deformation. A generalized Lamé theory of solid mechanics was developed to include the
force-driven deformation of blood-filled antennal tubes. Using drinking straws filled with
water, the theory was validated against experiments with no adjustable parameters. A
novel device to characterize the damping and elastic properties of fibers and insect
antennae was designed and built. This Thesis offers promising new applications for
multifunctional fiber-based microfluidics that could transport fluids and be manipulated
by the same fluid on demand.
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1.1

a) Schematic of the insect head (frontal view). Each antenna consists of three
basic components: scape (S), pedicel (P), and flagellum (F). The left side
shows the movement apparatus of the antenna. The antennifer (Af), a
cuticular process of the sclerotized antennal ring that forms the articulation
point (Am) of the scape, allows the antenna to move freely in all
directions; between the scape and pedicel is a hinge joint allowing only up
and down movements. The flagellum cannot be actively moved by
muscles. The right side shows the circulatory organ associated with each
antenna. Close to the antennal base is a pulsatile ampulla (Am) that is
connected to the antennal vessel (AV) shown as a solid line that runs
along the antenna. Blood enters the ampulla through a slit-shaped ostium
and flows to the tip, where it pours out into the lumen of the antenna and
flows back into the head capsule. Blue arrows indicate blood flow. b)
Semithin cross-section of a flagellomere of Periplaneta americana close
to its base. Two massive nerves (N) are purely sensitive and originate
from the numerous sensory neurons on the antennae; four tracheae (T) and
an antennal vessel (AV) also occupy the lumen. c–e) Insect heads with
intact antennae: c) American cockroach, d) painted lady butterfly, e)
Carolina hawkmoth. f–h) Antennae: f) American cockroach, g) painted
lady butterfly, and h) Carolina hawkmoth. ..............................................4

2.1

SEM micrographs of antennal structure. a) Periplaneta americana. Sensilla are
tilted with respect to the antennal axis. b) Flagellomeres of Vanessa cardui
in the middle of the antenna where diameter does not change significantly
and is nearly cylindrical. The flagellomeres are long compared to those of
P. americana. Adjacent flagellomeres form a gap, shown in the inset. c)
For comparison, a cotton fiber has no flagellomere-like partitioning along
its length. It is a tube with a hollow crescent core. Its mechanical
properties differ from those of the antennae of P. americana and V. cardui
but are somewhat similar to those of Manduca sexta. d) Antenna of V.
cardui broken during tensile test. The crack nucleated at the membrane
and propagated circumferentially, forming this cross-section. e)
Flagellomeres of the antennal club of V. cardui cut along the antennal
axis, showing folds in the inner membrane; the folded membrane is shown
in the inset. f) Proximal portion of antennal club of V. cardui. g) Antenna
of P. americana broken during tensile test. h) A fracture running along the
antennal axis of P. americana shows membrane (bracketed) connecting
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flagellomeres. i) Enlarged view of membrane between two flagellomeres;
extent of membrane indicated by arrows). j) Antennal cross-section
of M. sexta. The pectination can be seen as the extension to the right. k)
The ventral side of the antenna of M. sexta in males is covered with long,
hair-like sensilla; the dorsal side (not shown) has short sensilla. The
dashed line shows the direction of a cut separating the pectinations in l)
from the dorsum of this antenna. l) Longitudinal section of flagellomeres,
viewed from the ventral side perpendicular to the dashed line in k). The
arrow points to a hole connecting the pectination with the antennal lumen.
The pectination forms a chamber for blood and houses nerve bundles
connected to sensilla. Adjacent pectination chambers are separated by arclike cuticular walls; two walls are marked by double arrows drawn
through their thickness. ............................................................................9
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a) Cross section of cockroach antenna. This section was taken at the base. b)
Inner and outer contours of the cuticle shell with triangulated area shown.
c) Inner contour of cuticle shell and contour of the boundary of the bloodfilled triangulated area that excludes nerves, trachea, and antennal vessel.
d) The red star is the center of mass of the cuticular wall shown in b). The
blue star is the center of mass of the triangulated area shown in c). .....21

3.3

Comparison of thickness, h, and circumference, C, for optical microscope
images versus SEM images. a) Optical microscope image of cockroach
antenna indicating measurement of hOM and COM. b) Optical microscope
image of butterfly antenna indicating measurement of hOM and COM. c)
Optical microscope image of hawkmoth antenna indicating measurement
of hOM and COM. d) SEM image of cockroach antenna indicating
measurement of hSEM and CSEM. e) SEM image of butterfly antenna
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CHAPTER I
INTRODUCTION

Antennal Anatomy and Background
The paired antennae of insects are highly modified appendages bearing complex
sensory organs with various modalities 1-5. Many antennal sensilla are chemoreceptors,
although various mechanoreceptors can perceive a wide range of stimuli, such as touch,
air movements, airborne sounds, and electric fields. Thermoreceptors and hygroreceptors
can also be present. As multifunctional fibers, the antennae quickly respond to chemicals
and minute physical forces, for example, to control flight 6-9, maneuver and avoid
obstacles 10-15, hear 16, 17, locate mates and engage in combat 18.
Although behavioral, functional, and structural features of antennae have been
documented for a number of insects 5, 19, to the best of our knowledge, their fiber-shapespecific materials characteristics have never been reported. Mechanical properties of
antennal fibers are typically extracted implicitly either by modeling the applied forces
and torques or by assuming constitutive law for the stress-strain relations of cuticular
materials 9, 11, 13, 20-22. Further developments in insect biology and engineering
applications are hindered by the lack of knowledge of mechanical properties of these
complex fibers and their structural relations that link to biological performance.
The antennae of adult insects vary in shape, but the fundamental structure is
consistent 23, 24. There are three main segments: scape, pedicel, and flagellum, Figure 1.1.
Articulation of the scape with the head capsule allows antennal movement in various
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directions, whereas articulation between the scape and pedicel allows for movement only
in the vertical plane 5-7, 9, 12, 15, 19, 25, 26.
The flagellum often consists of rigid cuticular rings (i.e., flagellomeres) connected
by thin, weakly sclerotized, flexible cuticular membrane 23, 27, hereafter referred to as
“membrane”. The size and shape of flagellomeres often change along the length of the
antenna. Thus, the two joints, together with actuation of associated muscles, are the basis
for the mechanical movement of antennae.
From an engineering standpoint what makes the insect antenna an attractive fiber
is that muscles do not extend into the flagellum. Yet, insects can manipulate the flagellum
by flexing and looping it. For example, when grooming the antenna, some insects can
fold it on itself 28, or when maneuvering at high speed, some insects actively bend and
flex their antennae 10, or when fighting for females, some male long-horned beetles
(Cerambycidae) lash one another with their antennae 18.
This robust manipulation of the muscle-free flagellar fiber is enigmatic; the
mechanism of this flexing has never been questioned in the literature. Materials
properties of the antennal flagellum have mostly been related to its necklace-like
structure 11, 13, 21, 22, 29, and its flexibility has been assigned to the necklace-like
arrangement of flagellomeres (rigid rings of the necklace) bridged by membranes
working like springs, which allows the stiffer cuticle to bend more readily 7, 13, 21, 22, 25, 29.
The size distribution of flagellomeres has been considered key to understanding the
structural properties of this fiber 11, 13, 22.
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Although no muscles are in the flagellum, other components run the inner length
of the antenna: nerves, an antennal vessel, and tracheae, Figure 1.1 c). The antennal
vessel is a thin conduit connected to a pulsatile organ 24, 30-35 in the head near the antennal
base. This so-called antennal heart drives blood through the vessel to the tip of the
antenna, where it pours out into the voluminous antennal hemocoel and then flows back
to the head.
We hypothesize that the looping, or flexing, of the antennal flagellum can be
controlled by blood pressure that, in turn, is controlled by the antennal pulsatile organ
and/or by pressure conditions in the region where the antennal hemocoel merges with that
of the head capsule. For example, by increasing blood pressure, an insect should be able
to extend its antenna. At the same time, the blood might help bear the tensile load and,
therefore, less tensile stress would act on the antenna. To examine this hypothesis, we
evaluate the effect of blood pressure on the tensile properties of antennae. A comparative
analysis of the antennal behavior of adult American cockroaches (Periplaneta
americana), painted lady butterflies (Vanessa cardui), and Carolina hawkmoths
(Manduca sexta) allows us to evaluate how the shape of the antennal lumen and blood
content influence the tensile behavior of this natural fiber.
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Figure 1.1 a) Schematic of the insect head (frontal view) courtesy of Dr. G. Pass. Each
antenna consists of three basic components: scape (S), pedicel (P), and flagellum (F). The
left side shows the movement apparatus of the antenna. The antennifer (Af), a cuticular
process of the sclerotized antennal ring that forms the articulation point (Am) of the
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scape, allows the antenna to move freely in all directions; between the scape and pedicel
is a hinge joint allowing only up and down movements. The flagellum cannot be actively
moved by muscles. The right side shows the circulatory organ associated with each
antenna. Close to the antennal base is a pulsatile ampulla (Am) that is connected to the
antennal vessel (AV) shown as a solid line that runs along the antenna. Blood enters the
ampulla through a slit-shaped ostium and flows to the tip, where it pours out into the
lumen of the antenna and flows back into the head capsule. Blue arrows indicate blood
flow. b) Semithin cross-section of a flagellomere of Periplaneta americana close to its
base courtesy of Dr. G. Pass. Two massive nerves (N) are purely sensitive and originate
from the numerous sensory neurons on the antennae; four tracheae (T) and an antennal
vessel (AV) also occupy the lumen. c–e) Insect heads with intact antennae: c) American
cockroach, d) painted lady butterfly, e) Carolina hawkmoth. f–h) Antennae: f) American
cockroach, g) painted lady butterfly, and h) Carolina hawkmoth.
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CHAPTER II
MORPHOLOGY OF INSECT ANTENNA

Materials and Methods
Insect Rearing
American cockroaches were obtained from a long-standing colony at Clemson
University. They were raised from eggs to adults at 24°C, 70% relative humidity, and a
14:10 hour light/dark cycle in 4-liter glass jars with screen lids, dog food, and a water
dish. Painted lady butterflies and Carolina hawkmoths were obtained as eggs and young
larvae from Carolina Biological Supply (Burlington, NC) and Great Lakes Hornworms
(Bruce Township, MI), respectively, and raised in continuous low light at room
temperature on prepared media from these companies. Larvae of the butterflies were held
with their diet in plastic mosquito emergence containers (BioQuip Products, Rancho
Dominguez, CA), whereas those of hawkmoths were held, with their diet, in 1-liter glass
jars with screen lids. Butterfly larvae were allowed to pupate in their containers, whereas
hawkmoth larvae, once they entered a non-feeding, wandering stage, were transferred to
1-liter plastic beakers with shredded-paper bedding and allowed to pupate. Pupae of both
species were then placed in collapsible, nylon-mesh insect cages for adult emergence at >
60% humidity and a 12:12 hour light/dark cycle. Butterfly pupae were pinned to the
cages through the non-living, posterior end of the pupa, whereas hawkmoth pupae were
held in the paper-filled beakers. Once adults emerged, they were fed ad libitum on sugar
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water, butterflies from saturated paper towels and hawkmoths from tubes with 15 mL of
fluid.

Antennal Removal
Adult American cockroaches (> 5 months old) and painted ladies and hawkmoths
(both < 2 weeks old) were used in experiments. Each antenna was cut with microscissors
between the pedicel and scape. The date, insect age, temperature, humidity, and time
were recorded for each antennal removal (Appendix A Table A-1).

Scanning Electron Microscopy (SEM)
All antennae were cut from living insects less than 12 hours before SEM
observation. Specimens were attached to an SEM mount with carbon-graphite adhesive
tape; they were not coated with a heavy metal (i.e., gold or platinum). A Hitachi SU5000
VP-SEM was used to image the samples, with the BSE detector at an accelerating voltage
of 15 kV or 20 kV in low-vacuum mode at 50–70 Pa.

Semithin Sections
Antennae were fixed in alcoholic Bouin’s solution (Dubosq-Brasil mixture),
dehydrated in acetone, and embedded in Agar low-viscosity resin (Agar Scientific Ltd.,
Essex, UK) under vacuum impregnation. The sections (1 µm thick) were cut with an
ultramicrotome and stained with a mixture of methylene blue (1%) and azure II (1%) in
an aqueous borax (1%) solution.
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Morphological and Structural Features of Antennae
Antennae of the cockroach, butterfly, and hawkmoth all have the basic components
(scape, pedicel, and flagellum), Figure 1.1, but the structure and accompanying features
are unique. Flagellomeres of cockroaches are almost cylindrical with a small taper toward
the free end of the antenna, Figure 2.1 a). The flagellomere is covered with a dense forest
of sensilla that, in the resting position, are tilted toward the surface. Each sensillum is
secured in a socket so that it emanates from a pit bordered by a thin ring rising above the
surface of a flagellomere. Adjacent flagellomeres are connected by membrane.
The butterfly antenna consists of long, slender flagellomeres, Figure 2.1 b), connected
by membrane. Scales are distributed along the entire length but could be easily brushed
off, indicating a weaker point of attachment than the sensilla on the cockroach antenna.
Towards the tip of the antenna, an elliptical club forms as the flagellomeres increase and
then decrease in diameter, Figure 2.1 f).
The structure of the antenna of the moth is more complex. The two sides of the
antenna in males differ 36; the dorsal side is covered with scales similar to those of the
butterfly. These are short hair-like features, easily brushed off. The ventral side of the
antenna of males (but not females) has long hairs (fasciculate setae) that are well attached
to the flagellomere. The antenna is pectinate (i.e., comb-like), Figure 2.1 k).
The main differences among the three species are in the internal structure of the
flagellomeres.
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Figure 2.1 SEM micrographs of antennal structure. a) Periplaneta americana. Sensilla are
tilted with respect to the antennal axis. b) Flagellomeres of Vanessa cardui in the middle
of the antenna where diameter does not change significantly and is nearly cylindrical. The
flagellomeres are long compared to those of P. americana. Adjacent flagellomeres form a
gap, shown in the inset. c) For comparison, a cotton fiber has no flagellomere-like
partitioning along its length. It is a tube with a hollow crescent core. Its mechanical
properties differ from those of the antennae of P. americana and V. cardui but are
somewhat similar to those of Manduca sexta. d) Antenna of V. cardui broken during
tensile test. The crack nucleated at the membrane and propagated circumferentially,
forming this cross-section. e) Flagellomeres of the antennal club of V. cardui cut along
the antennal axis, showing folds in the inner membrane; the folded membrane is shown in
the inset. f) Proximal portion of antennal club of V. cardui. g) Antenna of P. americana
broken during tensile test. h) A fracture running along the antennal axis of P. americana
shows membrane (bracketed) connecting flagellomeres. i) Enlarged view of membrane
between two flagellomeres; extent of membrane indicated by arrows). j) Antennal crosssection of M. sexta. The pectination can be seen as the extension to the right. k) The
ventral side of the antenna of M. sexta in males is covered with long, hair-like sensilla;
the dorsal side (not shown) has short sensilla. The dashed line shows the direction of a
cut separating the pectinations in l) from the dorsum of this antenna. l) Longitudinal
section of flagellomeres, viewed from the ventral side perpendicular to the dashed line in
k). The arrow points to a hole connecting the pectination with the antennal lumen. The
pectination forms a chamber for blood and houses nerve bundles connected to sensilla.
Adjacent pectination chambers are separated by arc-like cuticular walls; two walls are
marked by double arrows drawn through their thickness.
American Cockroach (Periplaneta americana)
Membrane connects flagellomeres to one another, but each flagellomere itself is a
hard cuticular shell with a circular cross-section. By crushing the antenna and cutting it in
half along the antennal length, the profile of the cuticular wall can be observed, Figure
2.1 h, i). The outer surface of the membrane and flagellomere is continuous and runs
along the length of the antenna. The inner surface at the flagellomere connection runs
along the interior wall of the lumen. These surfaces can be traced from one flagellomere
to another over the connection and both run the length of the entire antenna and, hence,
are able to transfer stress when the antenna is deformed.
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Painted Lady Butterfly (Vanessa cardui)
The flagellomeres are elliptical in cross-section at the club, Figure 2.1 f) but are
more circular in cross-section at the middle of the antenna, Figure 2.1 d). As with the
cockroach antennae, those of V. cardui also have membrane connecting the hard cuticular
flagellomeres to one another.
In the resting state, flagellomeres are assembled as a column of coffee cups, with
one flagellomere resting within another. This arrangement was seen most clearly in the
club; when two adjacent flagellomeres meet, their conical shells firmly fit one within the
other. Casual observation would not indicate that these flagellomeres are connected; by
viewing the antenna at an angle, a slight gap separating flagellomeres was visible, Figure
2.1 b) inset.
A folded membrane is seen by cutting the antenna with a razor blade at an angle
along its axis Figure 2.1 e). This membrane folds inward toward the center of the
antennal lumen. Its inner surface is continuous with other flagellomeres.

Carolina Hawkmoth (Manduca sexta)
In cross section, the antenna of M. sexta has a rounded dorsal side and elongated
ventral pectination, Figure 2.1 j). During tensile testing, the ventral pectination of the
flagellomeres separated after extension. Each flagellomere connects to another by a
cuticular ring that is a continuation of the membrane on the dorsal side of the antenna.
Each extension of the pectination has a chamber, Figure 2.1 l). A hole in the extension
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enables nerve bundles from the lumen to connect with the long sensilla. Blood could
circulate through the antennal lumen and fill the chamber via this hole.

Cockroach Flagellomere Size Distribution
Initial measurements of the cockroach antenna’s flagellomeres were conducted to
obtain a better understanding of its basic structure. A Huvitz light imaging microscope
(Model HR3-TRF-P) was used, along with Panasis imaging software, to capture images
of the antenna. Starting at the proximal end, images were captured along the length of
the antenna using sufficient lighting. To ensure that the entire length was accounted for,
the final flagellomere visible in one image needed to be the first one visible in the next
section. It is important to note that a scale bar must be present on each of the images.
Once all images have been captured, measurements were taken using ImageJ.
First, the scale was set using the scale bar on the image to convert ImageJ’s default
measurement of pixels to microns. Measurements of each flagellomeres length and
diameter was recorded. Length was defined as the distance of one flagellomere to the
next. Diameter and height were defined as the distance across the flagellomere cuticle
from one edge to another. Diameter is used in reference to cockroach antenna due to its
cylindrical shape. The total distance of the antenna in that section and the distance each
flagellomere is from the base were also recorded. These measurements were used to get
the total length of the antenna as well as determine where each flagellomere measurement
was taken as a percentage of length away from the base.
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Most cockroach antennae were found to have a total length varying between 3-4.4
cm. The exception being one antenna with a total length of 2.45 cm. The varying lengths
are due to the different sizes of cockroaches or possibly a broken end of antenna. This
occurs naturally when cockroaches clean their antenna.
At the proximal end of the antenna, the flagellomeres typically have a diameter of
around 420 microns and a length of 180 microns. Towards the distal end of the antenna,
this trend inverts and the length of a single flagellomere is much larger than the diameter.
At this end, the length is typically 380-390 microns, and the diameter is 100-120 microns.
Once again, there is much more variation at the antenna’s tip due to natural phenomena.
This length to diameter ratio (L:D) was tracked as a function of the normalized
length of the antenna. Normalized length was calculated as the distance from the base at
which a measurement was taken and divided by the total length of that antenna. For
example, the L:D ratio at the base of the antenna (0-0.1 of the normalized length) was
about 0.44±0.07 and would increase to 3.17±0.81 parabolically as a function of
normalized length approaching a value of 1. It is also important to note that not only is a
parabola the best fit to describe the L:D ratio as a function of normalized length but also
the diameter (therefore radius) decrease as an inverse parabola according to these
measurements. Figure 2.2 is an example of how the L:D ratio changes along the length
of antennae for a summary of 10 different antenna samples.
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Figure 2.2 Plot of 10 antenna samples describing the length to diameter ratio as a
function of normalized distanced for the base of the antenna.
Flow of Hemocytes of Cockroach Antenna
The flow of the blood through the antenna was examined to understand the effect
of blood pressure. This was accomplished by recording the flow of blood in a live insect
using an inverted microscope and high-speed camera to track the hemocytes and calculate
their velocity.
A small hole was cut in a small wax paper envelope at one of the envelope seams.
A cockroach was then removed from its storage jar and was placed in the small wax
paper envelope with its head poking through the hole. The envelope excess length was
then wrapped tightly around the specimen and secured with 1 inch piece of scotch tape. A
quarter inch wide piece of scotch tape was placed over the small opening where the
cockroach head was protruding from to secure the insect. Using a clean glass slide, the
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cockroach was placed perpendicularly to the surface of the slide with its head making
contact on said surface. Then two one-inch pieces of scotch tape were used to secure the
envelope containing the cockroach in that perpendicular position to the glass slide.
The insect attached to the glass microscope slide was then placed into the
refrigerator at 4°C for approximately 15 minutes. This 15-minute period allows one to
establish a baseline of activity for all insects studied with an expectation that the heart
rate will be almost the same for all insects at the beginning of experiments.
During this 15-minute period the necessary equipment was readied for data
collection. The Black IDT Integrated Tool High Speed Camera was set up on the inverted
Olympus BX40 microscope with a 400 mA LED ring light providing illumination for the
image. The corresponding software was loaded on the connected computer for the highspeed camera. The temperature and humidity of the lab were recorded in the Excel file
used for data collection along with the time the specimen was placed in the fridge.
Once the 15-minute period was up, the cockroach was placed on the microscope
with a secondary glass slide placed on top of the antenna to hold it in place stationary
while the videos were recorded. A total of 15 two-seconds videos were recorded for each
cockroach. These videos were recorded at 300 frames per second at 3 different positions
along the antenna starting at the antenna tip and working toward the head of the insect.
The first video recording typically occurred around 0.2cm-0.3cm from the antenna tip,
the second recording position around 0.5-0.9cm, and the third recording position around
1.1-1.7cm from the antenna tip. These recording positions were then named the distal
position, the midpoint position, and the 2nd midpoint position, respectively. A range is
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provided because opaqueness of the antenna increases as one travels from antenna tip
toward the head of the cockroach. So, the longer the antenna, the better visibility of the
hemolymph flow within the antenna over a great length thus the more spaced-out
recording positions.

Figure 2.3 Experimental setup to analyze flow of hemolymph of Periplaneta americana
antenna in real time using an inverted microscope.
The video recordings of the hemolymph flow were analyzed frame by frame in
ImageJ. Prominent motion of individual hemocytes was tracked frame by frame typically
over 20-30 frames so long as visibility of the hemocyte was not interrupted. The distance
the individual hemocytes traveled was measured using the line tool in ImageJ and a scale
of 1954 pixels per millimeter. This scale was determined by taking an image of a copper
wire with a known diameter of 0.111 millimeters using the inverted microscope. The
diameter of the wire was then measured in ImageJ to determine the diameter length in
pixels. Knowing these two diameters allowed ImageJ to determine the 1954 pixels per
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millimeter scale. Once the distance the individual hemocyte traveled was measured and
recorded in the appropriate Excel file, the velocity was calculated. The velocity was
calculated by taking the measured distance traveled by the hemocyte, dividing by the
difference in frames, and then multiplying by the frame rate (frame per second) of the
video.
A total of six antennae were analyzed at 3 different points along the length where
hemolymph can be seen flowing from the tip back to the head via the hemocoel. At each
viewing site, 5 videos were recorded an analyzed. The average velocity at each position
was calculated for each video set corresponding to one cockroach specimen. Then from
each video set, the average velocity for distal, midpoint, and 2nd point position were
averaged all together to get three average velocity values for the entirety of all six video
sets. From the graph located below, the average velocity at the distal part of the antenna
was 0.50±0.1 mm/s, the average velocity for the midpoint values was 0.48 ±0.15 mm/s,
and the average velocity for the 2nd midpoint values was 0.54±0.11 mm/s. These results
indicate that the velocity of the hemolymph stays relatively constant throughout the
length of the cockroach antenna. However, antenna two is an outlier in this case as the
antenna fractured due to poor handling of the cockroach specimen. Thus, the velocity
measurements were incomplete and are considered a preliminary analysis of the blood
flow in cockroach antennae.
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Figure 2.4 Data of hemolymph velocity at given positions along length of Periplaneta
americana antennae.
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CHAPTER III
ANISOTROPY IN ANTENNA

Introduction
During experimentation with the antennae, it was observed that the
cockroach and hawkmoth antennae exhibit different tendencies with regards to bending.
The anisotropic properties of these antennae were explored in order to gain an
understanding of how the antennae bend differently in varying directions. This
characteristic of anisotropy is a very important factor in the structural and bending
properties of fiber-like structures as it pertains to the Euler-Bernoulli beam theory. The
basis of this theory is described by Eq (3.1) where M is the bending moment, E is the
elastic modulus, I is the second moment of inertia and R is the radius of curvature.
𝑀=

+,
-

Eq (3.1)

This constitutive equation relates the materials properties of the beam through its
Young’s modulus (E) and the structural properties of the beam through its second
moment of inertia (I) of the beam cross-section. The Euler-Bernoulli theory predicts that
an initially straight antenna will take on a shape of a circular arc of radius (R) when one
applies bending moments (M) to its free ends. This theory allows one to calculate the
deflection and load-carrying capabilities of a beam with regards to small deflections due
to more complex lateral loads.

19

Figure 3.1 Schematic of beam being bent by bending moment M to create radius of
curvature R.
The bending experiments described in this chapter are preliminary and qualitative
in nature, but several samples were examined in order to make the trends described
statistically sound. An initial analysis of the radius of curvature of a bent antenna was
attempted with a combination of MATLAB codes and will be developed further in the
future.

Analysis of Cross Section of Periplaneta americana Antenna
The cross section of the cockroach antenna (image courtesy of Dr. Günther Pass,
University of Vienna, Austria) was analyzed using a MATLAB code written by former
group members Tatiana Stepanova and Artur Salamatin in which the contours of the
cuticle shell and the hemocoel (excluding the components of the trachea and nerves) were
used in order to calculate the surface area, center of mass, and the second moment of
inertia with respect to the X and Y axes. Figure 3.2 shows the original cross section that
was contoured, the two analyzed areas of the cuticle shell and the hemocoel, and contours
with the marks specifying centers of masses for the two analyzed areas. In d) the red star
marks the center of mass considering only the outer cuticle, shown in b), and the blue star
marks the center of mass considering the hemocoel excluding all internal components
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such as antennal nerves and trachea, shown in c), as well as excluding the cuticle shown
in b).

Figure 3.2 a) Cross section of cockroach antenna. This section was taken at the base. b)
Inner and outer contours of the cuticle shell with triangulated area shown. c) Inner
contour of cuticle shell and contour of the boundary of the blood-filled triangulated area
that excludes nerves, trachea, and antennal vessel. d) The red star is the center of mass of
the cuticular wall shown in b). The blue star is the center of mass of the triangulated area
shown in c).
Using these contours and converting from pixels to units of microns, the second
moment of inertia of the cuticle wall about the x -axis (Ixx) is approximately 7.06E+9 µm4
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and the moment of inertia about the y-axis (Iyy) is approximately 7.37E+9 µm4. Using
the radius of the cuticular wall, the dimensionless second moment of inertia about the xaxis (Ixx/R4) is approximately 0.30 and the dimensionless second moment of inertia about
the y-axis (Iyy/R4) is approximately 0.32. This analysis of the cross section to understand
the center of mass and the moment of inertia can be applied to the Euler-Bernoulli Beam
theory once the investigation of antennal bending is further explored.

Shrinkage Due to Drying
Using SEM micrographs seen previously in Figure 2.1, we compared the
thickness and circumference of flagellomere cuticles with those measured using the
optical microscope. The same flagellomere sample was imaged on the optical microscope
first and the thickness, hOM, of the cuticular wall was measured, Figure 3.3 a)-c). Then it
was taken to the SEM for analysis and the average thickness, hSEM, of the wall was
measured again, Figure 3.3 d)-f). A similar process was completed for measuring the
circumference, C, of the outer edge of the cuticular wall of the flagellomere. As a
measure of anisotropy, we introduce the strain due to drying as
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Eq (3.2 )

Table 3.1 displays values for ehdry and eCdry in the direction of the thickness and the
circumference, respectively.
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Table 3.1. Strains Due to Drying
Insect

eh (Thickness)

eC (Circumference)

Periplaneta americana

0.13±0.04

0.057±0.004

Vanessa cardui

0.196±0.096

0.111±0.018

Manduca sexta

0.027±0.013

0.021±0.010

Figure 3.3 Comparison of thickness, h, and circumference, C, for optical microscope
images versus SEM images. a) Optical microscope image of cockroach antenna
indicating measurement of hOM and COM. b) Optical microscope image of butterfly
antenna indicating measurement of hOM and COM. c) Optical microscope image of
hawkmoth antenna indicating measurement of hOM and COM. d) SEM image of cockroach
antenna indicating measurement of hSEM and CSEM. e) SEM image of butterfly antenna
indicating measurement of hSEM and CSEM. f) SEM image of hawkmoth antenna
indicating measurement of hSEM and CSEM.
Although only one sample was measured for each insect, it became very clear that
the antennae shrink anisotropically. There was a larger measured difference in the
direction of the cuticle thickness than around the circumference in all 3 antennae.
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Anisotropy appeared more drastic in the cockroach and painted lady butterfly antennae
with the strain due to drying being approximately double in the thickness direction, yet
this trend still occurs for the hawkmoth antenna. This means that the antennae have
different properties depending on the direction.
All these measurements suggest that the antennal cuticles shrink when water
evaporates out and the mechanism of contraction is, most likely, similar to all studied
species. These observations are in agreement with the order of magnitude drying
deformations observed on the other insect cuticles37-39 and pointing to the importance of
water and hence blood for the support of structural and functional properties of insect
antenna.

Anisotropic Bending in Antennae
During handling of the Manduca sexta hawkmoth antenna, it was observed that
the antenna is much more flexible and able to bend easily in the dorsal direction and very
resistant to bending in the ventral direction. The unique structure of the hawkmoth
antenna consisting of the separate “chambers” as a part of each flagellomere most likely
impacts this phenomenon. A similar phenomenon was examined with the cockroach
antenna.
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Materials and Methods
Angle Bending Experiment
Antennae were bent by manually pushing the movable end at a specific angle
while the other end remained fixed. This resulted in the antenna bending to form an arc
as shown in the schematic in Figure 3.4.

Figure 3.4 Schematic of angle bending experiment. a) Initial resting position, lo, of
antenna with left tube fixed and then applying a force to manually push the free end. b)
Bent position, characterized by l, and angle, g, of antenna after pushing of brass tube at a
= 135o angle.
The antenna was extracted from the live insect (taken from the jar with a gloved
hand) by using a pair of microscissors to cut the antenna as close to the base as possible,
separating it from the head. The insect was then returned to its jar. Then both ends of the
antenna were clamped into Dia-stron tubes, leaving as much length between them as
possible and ensuring the antenna was not twisted when the tubes lay flat such as in
Figure 3.5. Typically, more force was required to clamp down the hawkmoth antennae
compared to the cockroach antennae. On a glass slide, a pin needle as a reference rail was
taped to the surface parallel to the edge. Then the proximal end of the antenna was taped
next to this rail (also parallel), but the distal end was able to move freely. The bending
angle was determined by the angle between the edge of the movable Dia-stron tube and
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the reference rail as shown in Figure 3.4. The glass slide was then placed on the
Olympus CKX41inverted microscope stage and the USB camera was mounted directly
above so that the entire antenna is within view.

Figure 3.5 a) Manduca sexta antenna clamped into Dia-stron tubes, taped to glass slide
along reference rail. b) Glass slide with antenna placed on inverted microscope with USB
camera positioned above.
The free end of the antenna was moved manually by using a pusher (similar to a
dental pick) to push the brass tube. The diameter of the pusher was smaller than the
diameter of the brass tube. For the cockroach antenna, positions, l, and angles, g, were
marked so that the shape of the antenna can be compared at the same position, therefore
the pick was used to push the brass tube to this marked location. Images were captured at
a range of angles as the antenna was bent back onto itself, in both the dorsal and ventral
directions. The angle was determined by using ImageJ angle tool between the reference
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rail and the edge of the movable brass tube. The hawkmoth antennae were bent by
manually pushing the brass tube at a constant 1350 angle, with respect to the reference.
In future versions of this experiment, a linear stage could be used to push the brass tube
to ensure constant pushing velocity and exact distances.

Loop Test
A slightly different test was conducted wherein the ends of the antenna were
gradually moved towards each (along a straight baseline) and the development of a curve
was observed. The antenna was extracted and placed into the Dia-stron tubes as
previously stated. A copper wire was used as the reference rail and was placed parallel to
the longer edge of glass slide and taped down. Then the antenna was placed parallel to
this reference rail, so the newly formed loop was positioned on one side of the rail and
never crossed it. The proximal end of the antenna was fixed. The initial rest position and
length were noted then the movable end was pushed towards the fixed end, capturing an
image every 0.25 cm. A loop was slowly formed as the two ends were brought closer to
one another along the rail. This was repeated to test the loop formation in the dorsal and
ventral bending directions. In future versions of this experiment, a linear stage can be
used to push the brass tube to ensure constant pushing velocity and exact distances.
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Figure 3.6 Schematic of loop test. a) Initial resting position of antenna in brass tubes then
the free end (right tube) is pushed towards the fixed end (left) by 0.25 cm along the
reference rail. b) Loop begins to form after initial change in position. c) A tighter loop
forms after moving the free end 0.5 cm total from initial position.
Results
Bending of Manduca sexta Antenna
It was very evident that the moth antenna bends more easily in the dorsal
direction. As seen in Figure 3.7, the dorsal side of the antenna lacks pectination and
hence it does not impose any constraints on bending of antenna in that direction. When
bending in this direction occurs, the ventral pectination deforms with each flagellomere
and began to spread out in an accordion-like fashion. The space between the chambers
increases as the angle of bending increases.
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Figure 3.7 a) Manduca sexta hawkmoth antenna resting position – no air gaps between
flagellomeres. b) Bending of Manduca sexta hawkmoth antenna in dorsal direction with
air gaps between flagellomere chambers.
Conversely, in the ventral direction, there was much resistance to bending. This
was due to the compression of the hard cuticle chambers. Even after moving the brass
tubes to a small angle, the antenna naturally wants to twist on itself so that majority of it
has a dorsal bending direction, allowing for the spreading of flagellomeres as shown
previously. The antenna was so resistant to bending in this direction and twisting was so
favorable to result in a relaxed state that even the entire brass tube rolled over to allow for
this, Figure 3.8. The pusher was applied to the side of the brass tube and hence was not
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able to create twisting motion. Therefore, the brass tube was rolled on its side due to the
amount of twist in the antenna. This twisting action resulted in a drastic change in the
radius of curvature and the location of the distal end of the antenna just after the moment
when twisted occurred. In Figure 3.8 b) the radius of curvature right before twisting
occurred was approximately R1 = 11.5 mm at x1 = 11.9 mm and y1 = 5.5 mm compared to
e), right after twisting occurred, the radius of curvature was approximately R4 = 4 mm at
x4 = 11.9 and y4 = 4.5 as the angle was increased from g = 510 to g = 740. Locations x
and y were measured from the origin (shown in white) in Figure 3.8 a) to the right edge
of the antenna at the boundary between the antenna and the brass tube (white circle in
remaining images in Figure 3.8). Before twisting, the x-position decreased, and the yposition increased as the brass tube was pushed. Then, the x-position suddenly increased
back to the position before twisting occurred, and y-position decreased as a result of the
twisting motion along. Meaning that x2 and x3 are closer to the origin than x4. Table 3.2
summarizes the values of the angle of bend, position of free end of antenna and the radius
of curvature at that moment. The standard deviation was determined from the resolution
of the images where measurements were taken from.
Table 3.2 Bending angle, X and Y Position of end of antenna, and Corresponding Radius
of Curvature in Figure 3.8
Image in Figure 3.8
b)
c)
d)
e)
51
62
68
74
Angle 𝛾 (degrees)
Radius of
11.5±0.011 7.1±0.011 6.9±0.011 4.5±0.011
Curvature (mm)
X-Coordinate
11.9±0.011 11.3±0.011 11.1±0.011 11.9±0.011
(mm)
Y-Coordinate
5.5±0.011 5.6±0.011 5.8±0.011 4.5±0.011
(mm)
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f)
101
3.5±0.011
11.4±0.011
4.4±0.011

Figure 3.8 Bending of Manduca sexta hawkmoth antenna in ventral direction. Proximal
end in fixed tube (left) and distal end of antenna in movable tube (right). a) Relaxed state
of antenna before bending. b) Slight bend of antenna by moving the brass tube to position
x1 = 11.9 mm and y1 = 5.5 mm and tilting by g = 510. c) Brass tube begins to roll over due
to the initial twisting of antenna. d) Moment right before complete twist motion occurs. e)
Twisting of antenna after reaching limit of compression of flagellomeres to relieve the
compressive force. Sudden change in diameter indicates that dorsal side has been turned
over (also shown in slightly whiter area, which is the dorsal side of antenna). f) Bending
at angle > 900 (g = 1010). Significant length from the proximal end of antenna remains
straight and bending only occurs in twisted region after this moment.
Bending of Periplaneta americana Antenna
The American cockroach antenna also exhibited anisotropy dependent on bending
direction albeit not as significant as the Manduca sexta antenna. The anisotropy of the
cockroach antenna was most likely caused by the natural bend in the ventral direction due
to the folding of membrane connection between flagellomeres seen in Figure 3.9, rather
than the shape of the flagellomeres themselves like the hawkmoth antenna.
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Figure 3.9 Image of live cockroach in storage jar. The antenna has a slight downward
bend towards the ventral direction in its relaxed state.
The cockroach antenna bent much more uniformly, meaning no change in
direction of curvature, in the ventral direction yet formed a tighter loop (smaller radius of
curvature) when bending in the dorsal direction. Figure 3.10 illustrates the antenna in its
resting position, bent at 90o, and 180o bent position in both the ventral and dorsal
directions. Notice how the curvature changes direction in the dorsal bending direction at
90o and 180o, going from downward concavity to upward concavity moving from the
proximal to distal end, whereas in the ventral direction the curvature is always in the
same direction (upward-concavity).
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Figure 3.10 Bending of cockroach antenna in dorsal (left) and in ventral directions (right)
at different angles. a) Initial position of antenna to show natural bend before forced
dorsal bend. b) Initial position of antenna to show natural bend before forced ventral
bend. c) 900 bend in dorsal direction where xd = 7.7 mm and yd = 6.6 mm. d) 900 bend in
ventral direction where xv = 7.5 mm and yv = 6.6 mm. e) 1800 bend in dorsal direction
where Δyd = 1.1. f) 1800 bend in ventral direction where Δyv = 1.3.
The antenna forms a smaller radius of curvature in the dorsal direction since it is
less resistive to bending in that direction and is therefore is more compressive.
Conversely, due to the natural bend in the ventral direction, when the antenna is forced to
bend in this direction, it is in a less relaxed state, resulting in a larger radius of curvature.
The radius of curvatures at 900 are approximately Rd = 3.15 mm in dorsal direction and
approximately Rv = 3.5 mm in ventral direction. With 1800 bend the radius of curvatures
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are approximately Rd = 1.8 mm in dorsal direction and approximately Rv = 2.1 mm in
ventral direction. Table 3.3 summarizes these values. The standard deviation was
determined from the resolution of the images where measurements were taken from.
Table 3.3 Summary of Parameters from Bending of Cockroach Antennae in Figure 3.10
Image in Figure 3.10
Angle 𝛾 (degrees)
Radius of Curvature (mm)
X-Coordinate (mm)
Y-Coordinate (mm)
𝚫y (mm)

c)
90
3.15±0.010
7.7±0.010
6.6±0.010
N/A

d)
90
3.5±0.010
7.5±0.010
6.6±0.010
N/A

e)
180
1.8±0.010
0
N/A
1.1±0.010

f)
180
2.1±0.010
0
N/A
1.3±0.010

Loop Test
Figure 3.11 illustrates the difference in loop formation in these directions. Notice
how in the ventral bending direction, the initial proximal length remains rigid and then a
sudden kink was formed at base of the left side of the loop, Figure 3.11 d) and f).
Whereas, in the dorsal bending direction, the initial proximal length has a more gradual,
upward-concavity bend leading up to the formation of the loop Figure 3.11 c) and e).

Figure 3.11 Images from different steps during loop formation test. All images are of the
exact same antenna but in different bending directions a) Initial length before dorsal
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bend. b) Initial length before ventral bend. c) Loop formation in dorsal direction after free
end was moved 0.5 cm towards the fixed end. d) Loop formation in ventral direction after
free end was moved 0.5 cm towards the fixed end. e) Loop formation in dorsal direction
after free end was moved 1 cm towards the fixed end. f) Loop formation in ventral
direction after free end was moved 1 cm towards the fixed end.
As discussed previously, the bending experiments described are preliminary
findings of the observation of anisotropy and differences in bending of insect antenna.
Further analysis of the bending properties of the antennae will be carried out in the future
to better understand how this affects its structural properties.

Analysis of Radius of Curvature for Angle Bending
Preliminary work has been done to analyze the radius of curvature of bent antenna
during the angle bending experiment with MATLAB. First, the coordinates of the curve
to be examined were extracted using LABVIEW and then imported into MATLAB. The
newly-designed MATLAB code incorporates a function from an open-source MATLAB
code (https://www.mathworks.com/matlabcentral/fileexchange/22643-circle-fit-prattmethod) that determines the radius and center of a circle described by the coordinates in
pixels. The radius of curvature in millimeters can later be calculated knowing the pixelto-millimeter conversion of the image used. After calculating these parameters, the builtin circle function is used to plot a generated circle using these values and then the original
curve is plotted next to it for comparison. Figure 3.12 illustrates the image of a bent
hawkmoth antenna used in this analysis and the circle describing the curve.
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a)

b)

Flat section
excluded

Radius = 21.5809 pixels

Figure 3.12 a) Binarized image of bent hawkmoth antenna. Blue highlight curve contains
the contours extracted by LABVIEW for analysis. b) Blue curve is extracted coordinates
with the yellow circle fitted to describe the curve.
Conclusion
As discussed previously, the experiments to investigate antennal bending were
preliminary and qualitative for the time being but provided much insight into the
anisotropic behavior of insect antenna. There appeared to be a difference in the bending
behavior of the antennae depending on the direction of the bend. This phenomenon
seems to occur through a different mechanism for the hawkmoth antenna compared to the
cockroach antenna. The hawkmoth antenna only allows for significant bending in the
dorsal direction when the flagellomeres are able to spread out as opposed to compress
one another in the ventral direction. Cockroach antennae tend to bend differently dorsally
compared to ventrally due to the pre-existing natural bend in the ventral direction. Further
investigation of the bending properties and the radius of curvature analysis would be able
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to be applied to the Euler-Bernoulli Beam theory to model the bending properties of
different antennae.
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CHAPTER IV
MICROTENSILE TESTING
Materials and Methods
A MicroTensile Tester 2000 (Rheometric Scientific, US) was used for tensile
testing. Once the antenna was cut, it was mounted in a holder to aid in the loading
process to the MicroTensile Tester. Two Dia-Stron brass crimps (Dia-Stron, UK) were
taped to the ends of a block “C” mount. The ends of the brass crimps were attached along
the inner edge of the “C” so that 1 cm of space was between them to accommodate the
antenna. The antenna was placed in crimps so that its midpoint was midway between the
crimps. The ends of the crimps were clamped to fix, but not fracture, the antenna in place.
The entire holder was placed in the loading cell of the MicroTensile Tester 2000 and
fixed in the two clamps. The section of the “C” paper holder that was parallel to the
antenna was cut so the antenna was the only connection between the two clamps. The
loading cell of the MicroTensile 2000 with the antenna was housed under an Olympus
MVX10 microscope with an attached Point Grey high-speed camera. A small length of
copper wire of known diameter was placed in the video frame as a reference distance for
future measurements. Tensile testing was conducted on the antenna and the data was
acquired with the Minimat software and then transferred to Microsoft Excel for analysis.
For all three types of antennae, the tests were conducted at a clamp speed of 2 mm/min.
All tensile testing was conducted at 22oC with humidity ranging from 22% to 77%.
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Once the test was completed, the end of the broken antenna was analyzed in cross
section, using a Huvitz light microscope (Model HR3-TRF-P). The flagellomere of the
antenna that broke during testing was cut off and placed upright on a glass slide. The
thickness ℎ of the cockroach’s and butterfly’s cuticular shell was measured from the
outer to inner edge of the cuticular ring and the external diameter 𝑑 of the flagellomere
was measured from the side, measuring from one outer edge of the flagellomere to the
other edge. These parameters were used to calculate the area of the flagellomere cross
&%

&

"

section as 𝐴 = 𝜋( 3 − 9 " − ℎ: ). This area was used to evaluate the tensile stress acting
on the flagellomere and was measured ~1/3 of the distance from the distal end of the
cockroach antenna and ~1/10 from the distal end of the butterfly antenna. For the
hawkmoth antenna, only the ring connecting one flagellomere to another supports the
tensile stress. Its thickness ℎ and contour length 𝑐 were measured using ImageJ. These
parameters were used to calculate the area of the cross section as 𝐴 = 𝑐ℎ and was
measured at ~15% of the distance from the distal end of the antenna. Measurements are
given in Appendix A. Each set of stress-strain data was normalized to the breaking
strength of the antenna and its corresponding strain at the break.

Stress-Strain Relationships of Insect Antennae
The stress acting over the cuticular wall was defined as the applied force 𝐹
measured by the instrument, distributed per cross-sectional area 𝐴 of the antennal wall,
5

𝜎|| = 6 ,

𝜀|| = ∆𝐿/𝐿
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Eq (4.1)

In Eq (4.1), the strain 𝜀|| was defined as the antennal extension ∆𝐿 divided by the initial
length 𝐿 of the antennal piece fully straightened but not yet deformed, 𝜀|| = ∆𝐿/𝐿, Figure
4.1 b).

Figure 4.1 a) Normalized load-extension curves of insect antennae compared with cotton
and synthetic fibers. The stress is normalized as s = s||/s||break and the strain is normalized
as e = e||/e||break. b) Comparison of tensile properties of insect antennae and synthetic and
natural fibers. Average antennal diameter for each species (n = 10 antennae/species) was
calculated by measuring the diameters at the point of fracture and then averaging the
values for each species. Explanation of “diameter” is given in the Manduca sexta
previous section.
American Cockroach (Periplaneta americana)
The tensile stresses of the antennae were measured on the megapascal scale,
suggesting that it takes little force to break them, Figure 4.1 b). Figure 4.1 a) shows the
normalized stress-strain curve calculated using the breaking strength, s||break, the
maximum stress experienced by the antennae before fracture. This breaking strength was
typically within the range of 5 MPa < s||break < 9 MPa, with the corresponding strain at
break e||break in the range of 1.5% < e||break < 3%.
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Painted Lady Butterfly (Vanessa cardui)
Testing was conducted at different humidities, from 35% to 66%, and at an
average temperature of 22oC (Table A-1 in Appendix A). At higher relative humidity
(55–60%), antennae from n = 10 butterflies were tested. These 10 antennae showed Jtype stress-strain curves similar to those of P. americana. At lower relative humidity
(35%), n = 4 butterflies were tested, and these 4 antennae showed a more Hookean
behavior with a linear increase of stress at small strains.
At the higher humidity range, the breaking strength, s||break , of these antennae
ranged from 0.75 MPa to 1.5 MPa, with strains ranging within 2.5% < e||break < 6%, with
one exception that fractured at s||break = 2.5 MPa and e||break = 3% strain.
At the lower humidity range, the breaking strength, s||break, of these antennae
ranged from 3.1 MPa to 4.84 MPa, with strains ranging within 3% < e||break < 14.7%.

Carolina Hawkmoth (Manduca sexta)
Testing was conducted at humidities from 33% to 37% and an average
temperature of 22oC (Table A-1 in Appendix A). As follows from the analysis of
flagellomere morphology, the extensions of the pectination were separated one from the
other and hence did not transfer the tensile stress. Only the membrane supported the
tensile load between flagellomeres.
The mechanical behavior of antennae of M. sexta differed from that of P.
americana and V. cardui tested at high humidity. In contrast to the concave J-type stressstrain curves, the stress-strain curves of the hawkmoth were convex (i.e., they curved
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outward). These antennae also elongated much more before fracture. The breaking
strength ranged from 2.2 MPa to 6.0 MPa with strains varying in the range of 9% < e||break
< 16%. One exceptional sample fractured at 8000 MPa, with a strain at the breaking
point of e||break = 21.3%. Two additional trials were conducted in the high humidity range
(64% and 84%) and resulted in similar stress-strain curves with Hookean behavior at
small strains, indicating that humidity does not influence tensile behavior.
All data were collected to show the difference between mechanical behavior of
antennae of the three species and some polymeric fibers, Figure 4.1 a). The stress-strain
curves were normalized to the maximum load for each sample and their corresponding
extension at break. The polyethylene terephthalate (PET) fiber exhibited a typical stressstrain curve for polymeric fibers, whereas the Nylon fishing line had a curve similar to an
elastomer (S-type). The shape of the first section of the Nylon curve was comparable to
that of the cockroach and butterfly antennae (J-type), but the actual physical values
differed. Although the J-type behavior of these fibers was unique, compared with
common polymeric fibers, the deformations and loads that the fibers supported were
incomparably different.
In contrast, the hawkmoth antenna and the butterfly antenna tested at low
humidity belonged to a different category of fibers, demonstrating mechanical reaction
nearly identical to that of the cotton fiber. Both fibers were hollow, yet their crosssectional shapes differed, and the insect antenna had nerves, antennal vessel, tracheae,
and blood in its core.
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A J-type unique stress-strain relationship suggests that a material could have
almost no resistance, and hence large extensions at small stresses, and then could harden
at greater extensions. This relationship is not common in synthetic polymers but is
common for biomaterials 40. The J-type curve, otherwise known as a strain-adaptive
curve 41, is typically caused by moving of crosslinks or entanglements or deforming more
complex structure of polymer complexes in synthetic polymeric materials. In insects, the
cuticular material of antennae is stiff 13, 22, 42 and the stress-strain relation would not be of
the J-type. Therefore, we suggest that the antennal mechanical response is orchestrated by
a complex coupling between blood pressure and structural organization of the antenna as
a complex shaped shell.

Characteristic Features of Antenna Behavior During Extension
To understand mechanisms of antennal deformation, we performed a video
analysis of antennal behavior during extension. The following features help understand
the common mechanisms of load transfer and differences among species associated with
individual behavioral and physiological settings:

Thread Pull After Breakup
After the fracture of the membrane between flagellomeres, a thread-like structure,
possibly an antennal nerve or trachea, was pulled from inside the flagellomere, Figure
4.2. Blood flowed from the surface of this thread back into the broken end of the
flagellomere, suggesting that blood plays an important role in distributing the load.
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Figure 4.2 a) Pulling threads from flagellum after t = 6 seconds from the antenna
fracture. The clamp moved 0.2 mm from the initial position. b) t = 8.7 seconds, the clamp
moved 0.29 mm. c) t = 18.45 seconds, the clamp moved 0.615 mm.
Sensilla Tilting During Extension of Cockroach Antenna
All cockroach antennae broke at the distal tapered end of the exposed antenna,
typically a few flagellomeres from the brass tube where it was clamped. The antenna
separated at a connection between two flagellomeres and a thread (possibly antennal
nerves and tracheae) was pulled from one of the two ends. Hemolymph droplets or films
from inside the antenna were visible after fracture and flowed along the pulled thread.
Before this happened, the sensilla aligned themselves with the direction of force a
moment before the separation occurred. Their angle with respect to the antennal axis
changed when pulled, Figure 4.3. The angle between the highlighted sensilla and the
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antenna is largest in Figure 4.3 a) and then decreased to its final position before fracture
in Figure 4.3 d).

Figure 4.3 Illustration of sensilla tilting at a) t = 0.08 seconds, 0.0027 mm extension; the
original tilt angle is 50o; b) t = 0.3 seconds, 0.01 mm extension; c) t = 0.56 seconds,
0.0187 mm extension; d) t = 0.82 seconds, 0.0273 mm extension. The reference
polyethelyene terephthalate (PET) fiber diameter is 36 µm.
The phenomenon of the sensilla aligning themselves in the direction of the
moving clamp suggests that sensilla experience a bending moment. As shown in Figure
2.1, each sensillum is in a pit bordered by a cuticular ring. These rings belong to the
surface cuticle, which is a continuation of the cuticle connecting the flagellomeres. When
the flagellomeres are stretched to reach the strain 𝜀|| = ∆𝐿/𝐿, the displacement 𝑢 of
tracers along the antennal surface is not a constant but depends on the tracer positions
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along the antenna axis: the farther the flagellomere sits from the fixed end, the greater the
displacement. Thus, the tracer closer to the moving end of the antenna would acquire a
greater shift relative to that of a tracer located closer to the fixed end. When the right end
of the antenna was shifted to the right, the outmost right point on the cuticular ring
housing sensilla would move a bit farther to the right compared to the outmost left point
of the same ring. Each sensilla will be pushed by the ring, creating a bending moment 2,
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. Due to the displacement gradient, the outmost right point of the ring opens room for

the sensillum to lean toward the surface in the direction of antennal stretching.

Unfolding of Connecting Membranes in Cockroach and Butterfly
Video analysis of radial deformation of the connecting membranes revealed an
unexpected phenomenon further distinguishing P. americana and V. cardui from M.
sexta. In V. cardui, the free end of the antenna formed a club, Figure 2.1 f). Filming the
behavior of the club during antennal extension, we observed that the edges of the
flagellomeres expanded, Figure 4.4 a–c). At the club, this expansion happened more
quickly and to a greater extent compared with flagellomeres closer to the midpoint of the
antenna. The same effect was observed at flagellomere edges in the middle of the antenna
of V. cardui and with connecting membranes of the antenna of P. americana. A
schematic illustrates the mechanism of opening the cuticular rings caused by tensile
deformation of conical flagellomeres and unfolding of the connecting membranes, Figure
4.4 d). The flagellomeres of V. cardui expanded during extension. The structure of this
inner membrane might be a contributor. In step one, the membrane was folded in its
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original position, connecting the end of the more distal flagellomere (left) to the adjacent
flagellomere about ¼ of the way from the tip. During stretching, this membrane unfolded,
pushing the tip of the flagellomere outward, and appearing to expand it in diameter. We
also noted that during stretching of the antenna of P. americana, the hair-like sensilla
decreased their angle of tilt, Figure 4.4 e, f).

47

Figure 4.4 a) The reference state of the antennal club of Vanessa cardui at time moment t
= 0, with no extension; d = diameter. b) The club after t = 6 s of extension when the right
clamp moved 0.2 mm to the right. c) The club after t = 12 s of extension when the right
clamp moved 0.4 mm to the right. d) The mechanism of expansion of cuticular rings of
flagellomeres of V. cardui due to tensile deformation and unfolding of the connecting
membrane. The horizontal arrows point toward the moving clamp in the direction of
antenna extension. During extension, membrane unfolds and pushes the edge of the
flagellomere outward, causing expansion. e) Reference state of the antenna of
Periplaneta americana at time moment t = 0, with no extension. The dashed line refers to
the initial diameter of the flagellomere. f) The antenna after t = 0.74 s of extension when
the right clamp moved 0.024 mm to the right. Notice how the diameter of the connection
between flagellomere increases whereas the diameter of the flagellomere itself decreases.
g) The mechanism of unfolding of the connecting membranes of P. americana. The
horizontal arrows point toward the moving clamp at the right. Neighboring flagellomeres
are shown as solid rectangles and connecting membrane is shown as the solid arc. This
membrane naturally bends inward toward the lumen. When the flagellomeres move apart,
the membrane flattens and the flagellomeres compress, as shown in step 2. Thus, the
apparent diameter of this membrane increases. h) Separation of the ventral extensions of
flagellomeres of Manduca sexta at t = 0 seconds. i) Separation of the ventral extensions
of flagellomeres after t = 10 s when the right clamp moved 0.33 mm to the right. j)
Separation of the ventral extensions of flagellomeres after t = 15.03 s when the right
clamp moved 0.501 mm to the right. k) Separation of the ventral extensions of
flagellomeres after 20 s when the right clamp moved 0.667 mm to the right. l) The
antenna of M. sexta at time moment t = 18.27 after extension when the right clamp
moved 0.61 mm. m) The antenna after t = 24 s of extension when the right clamp moved
0.8 mm to the right.
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Separation of Ventral Chambers of Flagellomeres on Antennae of Hawkmoth
Video analysis of stretching of the moth antennae indicated that the flagellomeres
were not connected to one another along the entire contour of the cross section. Each
flagellomere was connected to the next one by a cuticular ring on the dorsal half of the
flagellomere and the ventral extensions were individual chambers that were not directly
attached to each other, Figure 4.4 h–k).
Blood was not seen at the fractured end except once, indicating that the antennal
lumen was not completely filled with blood as it was for the cockroach antenna. Based on
the diameter and thickness of the membrane connecting flagellomeres after each tensile
test, the cross-sectional area in the form of a solid circular ring was used in the
calculation of stress.
The presence of incompressible blood in the antennal core would first manifest as
a special radial deformation of the antenna. Assuming that the antennal core is
incompressible, one would expect for a cylindrical flagellomere of length, l, and
diameter, d, to maintain the same volume, = 𝜋𝑙𝑑 " /4 = 𝜋𝑙7 𝑑7 " /4 , where d0 and l0 are
the flagellomere diameter and length, respectively, before extension. Therefore, the radial
strain

𝜀8 =

&1&&

𝜀|| =

$1$&

&&

,

Eq (4.2)

and the longitudinal strain
$&
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,

Eq (4.3)

should be related as
𝜈 = −𝜀8 /𝜀∥ = 1/2.

Eq (4.4)

Equation (4.4) defines Poisson’s ratio for the fiber. In the next section, we check relation
(4.4) for antennae of all 3 insects.

Shrinkage/Expansion of Flagellomeres During Extension
To measure Poisson’s ratio, a distinct defect, specific sensillum, or well-defined
membrane connection, e.g., Figure 4.4 e), f) was used as the location at which the
diameter d0 of the flagellomere was taken at the first moment of time. To measure the
flagellomere diameter d as a function of extension DL/L, these landmarks were traced
until the last frame before the antenna fractured. Changes in flagellomere diameter could
be used to find the axial strain as e|| = DL/L, as measured by the MicroTensile tester. The
circumferential strain e^ at two different points – landmarks A (e^A) and B (e^B) – that
were easily recognizable and traceable, were determined for each antenna and averaged
together ε:8 =

)
(<(
' =<' )

"

to get the circumferential strain for the i-th antenna. The average

Poisson’s ratio was then introduced as:

<*

𝜈: = − '* , where, 𝑖 = 1 … 𝑛;
<||

50

𝜈'?@ =

(A, =A% =A- =...=A. )
C

.

Eq (4.5)

This process was completed for 5 cockroaches, 5 butterflies, and 5 hawkmoths (1
antenna per individual). The values for each species were averaged to determine the
average Poisson!s ratio for each species. Poisson’s ratios were also measured at the
membranes connecting 2 adjacent flagellomeres, as discussed in Appendix A. Due to the
non-circular shape of the antenna of Manduca sexta, the height (H) of the flagellomere
was measured as opposed to the diameter to calculate Poisson’s ratio of the flagellomere.
The height was considered the distance from the dorsal to the ventral side of the antenna.
The diameters of the circular membranes connecting two flagellomeres were used to
calculate Poisson’s ratio of these membranes. Table 4.1 lists the Poisson’s ratio
measured at the flagellomere and the membrane connection for each insect.
Table 4.1 Poisson’s ratio for Different Insect Antenna at Flagellomere and Membrane
Connection
Insect
Periplaneta americana
Vanessa cardui
Manduca sexta

n (Flagellomere)
0.468±0.040
0.228±0.026
0.171±0.031

n
-0.417±0.155 (membrane)
-0.296±0.091 (edge)
+0.216±0.094 (membrane)

An average Poisson’s ratio for a flagellomere of P. americana was close to ½,
nPA-F = 0.468±0.040, suggesting that the antenna behaves as an incompressible material,
Table 4.1). Having given its cross-sectional morphology, we conclude that the antennal
interior occupied by blood, nerves, and tracheae effectively supports the applied load,
distributing it over the entire cross-section. Blood facilitates this load distribution by
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generating a counter pressure acting on the cuticular shell and creating a circumferential
or hoop stress on the flagellomere. The flagellomeres of V. cardui at the middle of the
antenna where the taper angle is small and of M. sexta had Poisson’s ratios of nVC-F =
0.228±0.026 and nMS-F = 0.171±0.031, respectively. These values are much lower than ½
and hence the radial deformations of antennae of these insects are less influenced by the
blood.
The radial deformation of connecting membranes of P. americana and
flagellomere edges of V. cardui differed from that of M. sexta, Figure 5.1 a-c), e-f), l-m).
At these points, the antennae of P. americana and V. cardui expanded in diameter during
elongation and Poisson’s ratios had respective average values of nPA-M = -0.417±0.155
and nVC-M = -0.296±0.091.
However, the membrane connection of the antenna of M. sexta resulted in a
Poisson’s ratio of MSA-M = 0.216±0.094, which does not express expansion like the other
two types of antennae.
The materials with negative Poisson’s ratios are known as auxetic materials44. In
many cases, the organization of constituent structures of the material plays the most
important role in setting up this auxetic feature 45. As found in P. americana and V.
cardui, cuticular membranes connecting flagellomeres are responsible for this auxetic
feature and these characters fall in line with the existing classification of the materials
expansion mechanisms 45, as explained schematically in Figure 5.1 d), g).
The analysis of Poisson’s ratios of three selected insect species sheds light on the
remarkable richness in mechanical behavior of their antennae. The presence of blood
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seems critical for antennae. Antennae of American cockroaches are full of blood and
show the J-type strain-adaptive mechanical response. One observes a gradual decrease of
blood in butterfly antennae as one goes from high humidity, where antennae demonstrate
the J-type strain-adaptive behavior and the blood is visible, to low humidity where
antennae demonstrate the Hookean behavior, and no blood is seen after antennal breakup.
The absence of visible blood and the Hookean behavior of hawkmoth antennae follow the
same trend. These results point to important coupling of the blood pressure and
mechanical response of these multifunctional fibers.
The effect of blood pressure is first theoretically explained in the next chapter and
then validated on artificial flagellomeres modeled by plastic tubes of circular crosssection filled with water that models blood.

Effect of Environment
Our comparative study of the structure and mechanical performance of antennae
of the hawkmoth M. sexta, butterfly V. cardui, and cockroach P. americana shows that
the three antennal types are quite different in appearance and behavior. A systematic
analysis of tensile properties reveals a range of unexpected tensile properties, expressed
either as Hookean brittle fibers (M. sexta at 33–84% humidity and V. cardui at 33–37%
humidity) or strain-adaptive fibers that stiffen when stretched (V. cardui at 55–60%
humidity and P. americana at 22–77% humidity). The strain-adaptive behavior is
manifested through the J-type stress-strain relationship. J-type curves had been associated

53

only with soft tissues40, 41. The antennal cuticle is stiff 13, 46 and hence this J-type behavior
was unexpected.
A qualitative comparison of the antennal mechanical properties of each species
was linked to the morphological features by using videomicroscopy during tensile testing.
By capturing the deformation and breakup of antennae, a theoretical and experimental
analysis was conducted to understand how the physical make up of each insect’s
antennae was tied to differences in their mechanical properties. This behavior
significantly depends on morphological structure of the antennae and blood supply. Thus,
V. cardui and P. americana have slender cylindrical flagellomeres in which the antennal
vessels run along the lumen wall and the blood returns to the insect body through a
somewhat open body cavity (hemocoel). The blood and cuticle should, therefore,
effectively share the applied load. Experiments confirm this expectation for P.
americana over a broad range of humidity (22–77%). However, the butterfly antennae
show this J-type behavior only at high (> 55%) humidity. In both cases, the antennae
break at the connecting membranes, and at the fractured end, a blood meniscus spans the
lumen of the butterfly and cockroach antennae.
In contrast, the fractured antennal ends of M. sexta and V. cardui at low (33–37%)
humidity, do not show a blood meniscus spanning the lumen. We found the same result
for M. sexta at higher humidity (>60%). In hawkmoths, the blood was mostly
concentrated in the chambers of the antennal pectination, each extension of which is
separated from adjacent ones. Blood in the butterfly antennae was mostly concentrated at
the lumen wall as a film. Therefore, the blood would not actively support the load and
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only the cuticular membrane would support it. As a result, the stress-strain curves of
antennae of the hawkmoth and the butterfly resemble those of a cotton fiber, which is
basically a hollow tube with a complex cross-section.
Based on these observations, we infer that the American cockroach keeps its
antennal lumen filled with blood even at low humidity. The painted lady butterfly fails to
keep the antennal lumen filled with blood at low humidity and the Carolina hawkmoth
fails to do this at all humidity levels. As a result, the stress-strain curves of their antennae
differ drastically from the J-type curves. It is not clear how this change in mechanical
properties affects insect performance in the field at low humidity.
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CHAPTER V
CHARACTERISTIC FEATURES OF DEFORMATION OF THE HEMOLYMPHFILLED FLAGELLOMERES

Problem Formulation
The hypothesis that blood acts to distribute the applied load over the antennal
cuticular shell can be examined by employing solid mechanics and setting up a simple
model considering a single flagellomere as a circular tube filled with an incompressible
liquid. In this model, no blood flow through the antennal vessel and lumen are
considered, but blood interaction with the cuticular wall is taken into account through
generation of its pressure. There are two scenarios for antennal loading.
In the first scenario, when the antenna is deformed, blood volume in the antenna
is conserved. This scenario is applicable for description of antennal deformation when the
insect lashes it during fighting or bends and pulls it during grooming or extraction from
the old cuticle while molting Figure 5.1 a–c). In the first approximation, as the pulling
stroke might be much shorter than the frequency of the pulsatile organ (25–35 beats per
min 30, 35) one can assume that the blood amount in the antenna is conserved while the
antennal shell deforms.
In the second scenario, the blood volume is not conserved. This scenario describes
inflation or contraction of the antenna due to blood pumping, resulting in increase or
decrease of the blood pressure, respectively, Figure 5.1 d–f). The bending and
straightening of the cockroach antenna due to the influence of blood pressure was
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observed in a cockroach restrained in a paper envelope with the antennae allowed to
move freely. The cockroach antenna was allowed to move freely within the confines of
two glass slides with an air gap between them. No external force was used to prompt the
insect to move its antennae. A series of pictures in, Figure 5.1 g–i) illustrate the insect’s
ability to bend and straighten the flagellum only with the increase or decrease of blood
pressure. This scenario fits solid mechanics theory of pressurized tubes named after
Gabriel Lamé 47, 48, Figure 5.1 j).
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Figure 5.1 a)-c) A series of images of the hissing cockroach (Gromphadorhina
oblongonata) taken from a YouTube-video
(https://www.youtube.com/watch?v=Wv_WxFDXn-I). During molting, the cockroach
has to apply a strong force to pull out the antennae from their old encasing. d–f) By
squeezing the base of an antenna just removed from Periplaneta americana, the curved
antennal tip can be straightened. g-i) The bending and straightening of the cockroach
antenna was observed in a live insect when a cockroach restrained in a paper envelope
was allowed to move the antenna freely between two glass slides with an air gap between
them. j) A flagellomere is modeled as a circular tube of external radius R2 and internal
radius R1 and length L filled with an incompressible liquid shown in grey. A flagellomere
cross-section and longitudinal section illustrating the free body diagram for the zeroexternal-force scenario when the internal pressure 𝑃 is counterbalanced by the hoop
stress in the cuticle. In an empty flagellomere, blood pressure is absent; hence, no hoop
stress is developed when the flagellomere is stretched/compressed longitudinally. The
pressure 𝑃 = 𝑃#$%%& − 𝑃'() is measured relative to atmospheric pressure 𝑃'() ;
therefore, the external pressure on the wall is zero, 𝑃 = 𝑃'() − 𝑃'() = 0.
To evaluate the stresses in the tube filled with a liquid, we apply Hooke’s law for
the tube’s material using the compression modulus 𝜆 and shear modulus 𝐺 related to the
Young’s modulus 𝐸 and Poisson’s ratio 𝜈 as
+

+

𝐺 = "(!=A) , 𝜆 = − D(1!="A).

Eq (5.1)

In cylindrical system of coordinates (𝑧, 𝑟, 𝜃 ), the Hooke’s law relating the stresses and
strains is written as

𝜎.. = (𝜆 + 2𝐺)𝜖.. + 𝜆(𝜖EE + 𝜖FF )

Eq (5.2)

𝜎EE = (𝜆 + 2𝐺)𝜖EE + 𝜆(𝜖.. + 𝜖FF )

Eq (5.3)

𝜎FF = (𝜆 + 2𝐺)𝜖FF + 𝜆(𝜖EE + 𝜖.. )

Eq (5.4)

The radial and hoop strains are
𝜖.. =

&G

G

,
&.

𝜖EE = . ,
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Eq (5.5)

where 𝑢 is the radial displacement of the material particles. Thus, after deformation, the
internal radius of the tube becomes 𝑅! + 𝑢(𝑅! ) and the external radius of the tube
becomes 𝑅" + 𝑢(𝑅" ). The stress balance in the radial direction for the tube wall is
written as

&H//
&.

!

+ . (𝜎.. − 𝜎EE ) = 0.

Eq (5.6)

And the radial stress must satisfy the following boundary conditions

𝜎.. (𝑅! ) = −𝑃 𝑎𝑡 𝑟 = 𝑅! ,

Eq (5.7)

𝜎.. (𝑅" ) = 0 𝑎𝑡 𝑟 = 𝑅" .

Eq (5.8)

The sign in Eq (5.7) follows the convention that the positive pressure corresponds
to compression of the fluid, and the negative pressure corresponds to its stretching. In
solid mechanics, the positive stress corresponds to tension and negative to compression.
Therefore, when pressure 𝑃 is negative, 𝑃 < 0, the right hand side in Eq (5.7) is positive,
hence the radial stress is positive resulting in tension. And vice versa, when the applied
pressure is positive, the right hand side in Eq (5.7) is negative resulting in compression of
the tube wall.
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Antenna Deformation by Applying Non-Zero External Force
In this case, the external force 𝐹 is applied to the ends of antenna and each
flagellomere experiences the action of the same force. For evaluation of the radial stress
in Eq (5.2) we have to relate the z-strain, 𝜖FF , with the radial and hoop strains. To find
this relation, we assume that the liquid in the core of the tube wets the walls and hence
when the tube deforms, the liquid moves accordingly not forming any bubbles. At the
loads of interest, the liquid can be considered incompressible, therefore, we can use the
continuity condition for the liquid column of length 𝐿 when it is stretched to 𝐿 + 𝛥𝐿 and
its radius changes from 𝑅! to 𝑅! + Δ𝑅! . When the tube ends are firmly sealed and the
volume of the liquid remains unchanged, and assuming the tube deformations small,
Δ𝑅! ≪ 𝑅! , 𝛥𝐿 << 𝐿, we write the condition of the volume conservation as

2𝜋𝑅! Δ𝑅! 𝐿 + 𝜋𝑅!" Δ𝐿 = 0.

Eq (5.9)

This equation is rewritten in terms of displacement 𝑢(𝑅! ) of the internal wall of the tube
as

"I-,
-,

Introducing the z-strain as 𝜖FF =

+

IJ
J

IJ
J

= 0,

"G(-, )

𝑜𝑟

-,

+

∆J
J

=0

Eq (5.10)

, we have from (5.4):

𝜖FF = −2𝜖EE = −
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"G(-, )
-,

.

Eq (5.11)

This equation shows that the z-strain does not depend on the radial coordinate 𝑟 in the
tube wall, i.e., each radial cross-section of the tube is stretched evenly. This equation
reveals that the positive displacement 𝑢(𝑅! ) > 0, i.e., the tube expansion, results in
negative z-strain 𝜖FF , i.e., it results in contraction of the tube length. And vice versa, the
negative displacement 𝑢(𝑅! < 0), results in positive z-strain 𝜖FF , i.e., in extension of the
tube length.
Finally, to relate the pressure 𝑃 in the liquid-filled tube with the applied tensile
force 𝐹, we use the force balance equation:

𝐹 = −𝜋𝑅!" 𝑃 + (𝜋𝑅"" − 𝜋𝑅!" )𝜎FF

Eq (5.12)

Equation Eq (5.11) allows one to express axial strain in terms of the radial displacement
𝑢 and hence the Hooke’s laws Eq (5.2) - (5.4) allow to express the radial stress 𝜎.. in
terms of the radial displacement 𝑢 . Then, Eq (5.12) defines the generated pressure.
Hence, the boundary value problem Eq (5.2) - (5.8) and Eq (5.11) - (5.12) is closed.

Zero-External Force Scenario of Antenna Inflation/Contraction
The model that we proposed, Eq (5.2) - (5.8) and Eq (5.11) - (5.12), is designed to
describe the tensile experiments assuming that the insect antennae are sealed tubes. It
does not allow one to describe the characteristic features of antenna deformation when
the insect increase or decrease the blood pressure using its pulsatile organ. In that case,
equations Eq (5.5) - (5.12) cannot be applied because the blood volume is not conserved:
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the insect either pumps in more blood into antennae or suck it out on demand. Thus, the
pressure generated by the pulsatile organ becomes the driving parameter. On the other
hand, the total force on antenna of live insect is zero, hence we have to replace Eq (5.12)
with

0 = −𝜋𝑅!" 𝑃 + (𝜋𝑅"" − 𝜋𝑅!" )𝜎FF .

Eq (5.13)

from which the axial stress is immediately obtained as

𝜎FF = 𝜋𝑅!" 𝑃/(𝜋𝑅"" − 𝜋𝑅!" ).

Eq (5.14)

The problem Eq (5.2) - (5.8) and Eq (5.14) is the classical Lame problem of solid
mechanics 47, 48. The axial stress is obtained from Eq (5.14) and the Hooke’s law Eq (5.4)
as 𝜋𝑅!" 𝑃/(𝜋𝑅"" − 𝜋𝑅!" ) = (𝜆 + 2𝐺)𝜖FF + 𝜆(𝜖EE + 𝜖.. ) or

L- % M

P

𝜖FF = NL-% 1L-%,O(P="Q) − (P="Q) (𝜖EE + 𝜖.. ).
%

,

Eq (5.15)

And, therefore, Eq (5.9) - (5.12) and Eq (5.14) - (5.15) can be solved analytically to
obtain the stresses and strains in the antenna.
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Derivation of Equations
Upon substitution of Eq. (5.5) in Hooke’s laws (5.2) - (5.4), the stress balance (5.6)
reduces to:
&%G
&. %

! &G

G

+ . &. − . % = 0.

Eq (5.16)

Equation (5.16) has the general solution

𝑢(𝑟) = 𝑐! 𝑟 + 𝑐" 𝑟 1!

Eq (5.17)

where 𝑐! and 𝑐" are the integration constants. To fix these constants, we express the radial
and hoop strains in terms of the radial displacement 𝑢 using Eq. (5.5)
&G

𝜖.. =

&.

= 𝑐! − 𝑐" 𝑟 1" ,

𝜖EE =

G
.

= 𝑐! + 𝑐" 𝑟 1"

Eq (5.18)

Then, using Hooke’s laws (5.2)-(5.4) we can fix the constants 𝑐! and 𝑐" , applying
the boundary conditions. All final formulas are given in Table 5.1 and the MATLAB
code helps to calculate the stresses in the cuticles.

Results of Modeling
Table 5.1 Stresses, strains, and the constants 𝑐! and 𝑐" defining radial displacement
𝑢(𝑟) = 𝑐! 𝑟 + 𝑐" /𝑟 for the Zero Force and Non-Zero Force Cases.
Parameter

𝑐!

Zero Force Case

−

Non-Zero Force Case

𝑃(1 + 𝜈)(−1 + 2𝜈)𝑅!"
𝐸(−2 + 𝜈)(𝑅!" − 𝑅"" )

−
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𝑃(1 + 𝜈)((−3 + 6𝜈)𝑅!" − 2(1 + 𝜈)𝑅"" )
3𝐸(−1 + 2𝜈)(𝑅!" − 𝑅"" )

𝑃(1 + 𝜈)𝑅!" 𝑅""
𝐸(−𝑅!" + 𝑅"" )

𝑐"

𝑃(1 + 𝜈)𝑅!" 𝑅""
𝐸(−𝑅!" + 𝑅"" )

𝜖##

−

𝑃(1 + 𝜈)𝑅!" (𝑟 " (−1 + 2𝜈) − (−2 + 𝜈)𝑅"" )
𝑃(1 + 𝜈)(−2𝑟 " (1 + 𝜈)𝑅"" + 3(−1 + 2𝜈)𝑅!" (𝑟 " − 𝑅"" ))
−
𝐸𝑟 " (−2 + 𝜈)(𝑅!" − 𝑅"" )
3𝐸𝑟 " (−1 + 2𝜈)(𝑅!" − 𝑅"" )

𝜖$$

−

𝑃(1 + 𝜈)𝑅!" (𝑟 " (−1 + 2𝜈) + (−2 + 𝜈)𝑅"" )
𝑃(1 + 𝜈)(−2𝑟 " (1 + 𝜈)𝑅"" + 3(−1 + 2𝜈)𝑅!" (𝑟 " + 𝑅"" ))
−
"
"
"
𝐸𝑟 (−2 + 𝜈)(𝑅! − 𝑅" )
3𝐸𝑟 " (−1 + 2𝜈)(𝑅!" − 𝑅"" )

𝜖%%

−

𝜎##

𝑃𝑅!" (−𝑟 " + 𝑅"" )
𝑟 " (𝑅!" − 𝑅"" )

𝜎$$

−

𝜎%%

𝑃

2𝑃(1 + 𝜈)((−3 + 6𝜈)𝑅!" + (−5 + 4𝜈)𝑅"" )
3𝐸(−1 + 2𝜈)(𝑅!" − 𝑅"" )

𝑃(1 + 𝜈)(−1 + 2𝜈)𝑅!"
𝐸(−2 + 𝜈)(𝑅!" − 𝑅"" )

𝑃𝑅!" (−𝑟 " + 𝑅"" )
𝑟 " (𝑅!" − 𝑅"" )

𝑃𝑅!" (𝑟 " + 𝑅"" )
𝑟 " (𝑅!" − 𝑅"" )

−

−

𝑃𝑅!"
− 𝑅""

𝑃𝑅!" (𝑟 " + 𝑅"" )
𝑟 " (𝑅!" − 𝑅"" )

2𝑃((−1 + 2𝜈)𝑅!" + (−2 + 𝜈)𝑅"" )
(−1 + 2𝜈)(𝑅!" − 𝑅"" )

𝑅!"

−𝐹(1 − 2𝜈)[𝜋(3(1 − 2𝜈)𝑅!" + 2(2 − 𝜈)𝑅"" ))]&!

𝑃

Following the approach outlined, we obtained the solutions to these two models
and the resulting formulae are summarized in the Table 5.1. Using these formulae, we
can fully analyze these two scenarios of flagellomere loading.
The stress distribution through the thickness of flagellomere cuticle is shown as
the heat map in Figure 5.2 a-d). The stresses correspond to the same axial strain
𝜖** = 0.01. For both scenarios, the radial and hoop stresses change as we move through
the tube thickness from the internal wall where the magnitude of these stresses is greatest,
to the external wall where it is smallest. The striking difference between the zero-force
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and non-zero-force cases is the direction of compression-extension. For example, in the
zero-force case, the radial stress is always negative, implying compression of the
cuticular wall when the antenna is inflated by pressurizing the blood. The hoop stress in
this case is tensile, implying that flagellomeres are stretched circumferentially when the
antenna in inflated with blood. In contrast, when external force is applied to stretch the
antenna, flagellomeres are subjected to radial tensile stress: the generated negative
pressure of the blood pulls the cuticle inward toward the center, causing radial tension in
the cuticle. Simultaneously, the flagellomeres are subjected to the compressive hoop
stress, forcing them to contract in the circumferential direction.
In Figures 5.2 e)-f) we plot the dependence of dimensionless pressure on the axial
strain 𝜖** . For both scenarios this dependence is always linear suggesting that the blood
works hand in hand with the cuticle to distribute the applied load. However, there is a
striking difference between the zero-force and non-zero-force scenarios of flagellomere
loading.
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Figure 5.2 a) The heat map for the hoop stress in the zero-external-force case
normalized by pressure based upon axial strain equal to 𝜖** =0.01. b) The heat map for
the radial stress in the zero-external-force case normalized by pressure based upon axial
strain equal to 𝜖** =0.01. c) The heat map for the hoop stress in the non-zero-externalforce case normalized by the axial force divided by area. d) The heat map for the hoop
stress in the non-zero-external-force case normalized by the axial force divided by area.
e) Pressure normalized by Young’s modulus versus axial strain. Slope of the line is
dependent on Poisson’s ratio. f) Applied force normalized by Young’s modulus and area
for different Poisson’s ratio values. g) Zoomed in plot of Figure 7 g) showing the slight
slope of the non-zero-external force case. h) The Lame lines for the zero-external-force
case. i). The Lame lines for non-zero-external-force case j) Slope of the Lame lines for
the zero-external-force case for different Poisson ratios as a function of the ratio 𝑅! / 𝑅" .
k) Slope of the Lame lines for NZF case for different Poisson ratios as a function of the
ratio 𝑅! / 𝑅" . l) Slope of the Lame lines for NZF case as for different ratios 𝑅! / 𝑅" as a
function of Poisson ratio.
Lamé Plots
The radial and hoop stresses depend on the radial coordinate 𝑟 as 𝜎.. , 𝜎EE ∝ 1/𝑟 " .
Therefore, the analysis of these stresses on physical parameters is convenient to perform
using the so-called Lamé plot, Figure 5.2 h–i). This plot shows the normalized radial or
hoop stresses as functions of the ratio 𝑅!" /𝑟 " . The slopes of these lines depend on the
ratio of internal to external radii of the tube and on the Poisson’s ratio, Figure 5.2 j–l).
The Lamé plots, Figure 5.2 h–i), distinguish the loading scenario. While the radial
and hoop stresses always have opposite signs and slopes, their directions for the zeroforce and non-zero-force cases are opposite. For example, in the zero-force case, when
the insect extends the antennae by pressurizing the blood, the radial stress is negative
(compression). In the non-zero-force case, the applied tensile force results in the positive
radial stress causing radial extension of the flagellomeres.
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Effect of Cuticular Properties on Lamé Plots
The slopes of the Lamé plots significantly depend on the thickness of
flagellomere cuticle, Figure 5.2 j, k). The magnitudes of slopes on the Lamé plots
increase as cuticle thickness decreases. Yet, the slopes do not depend on Young’s
modulus of the flagellomere material, but significantly depend on Poisson’s ratio, Figure
5.2 l). As Poisson’s ratio increases and the material tends to behave like a rubber, the
slopes of the Lamé plots for the force-driven deformation of antennae become smaller,
implying that the blood and cuticle deform in unison. For Poisson’s ratio 𝜈 = 1/2, the
blood pressure remains at the atmospheric level. Thus, the closer the cuticle to the rubberlike incompressible material, the less perturbation that occurs when the insect stretches its
antennae.
As this analysis shows, blood pressure coupled with stresses in flagellomere
cuticle and connecting membrane effectively distribute the external load and work in the
insect’s favor. To validate this model, we used a plastic tube filled with water and studied
its stress-strain behavior.

Modeling Analysis
Despite the great diversity of insects and their antennae, the structural and
functional organization of these appendages is based on a common basic trio of
segments: scape, pedicel, and flagellum 1. The muscles and joints in the scape and pedicel
control 3D movement of antennae as rigid rods 7, 49. The third component, the musclefree flagellum, is divided into annular flagellomeres with stiff cuticle connected by folded

69

membranes. A broad spectrum of antennal morphology is based on structural
modifications of the flagellum. These modifications mainly enlarge the antennal surface
to accommodate additional sensilla. Thus, either the length of the antenna is increased or
individual flagellomeres are enlarged by shape modification.
Long, filiform antennae, as in cockroaches and long-horned beetles, are typically
used for tactile exploration of the environment. When touching objects or grooming
antennae, these insects bend and sometimes loop their antennae. This force-driven
deformation is distinguishable from deformations of the cantilevered antenna when no
external forces are applied. For example, in resting cockroaches, the tips of their long
antennae sag, but when these insects become active and start walking, the antennae are
outstretched and straightened. We hypothesized that bending and flexing of the antenna
can be controlled by blood pressure and that the blood would help bear the tensile or
compressive load. Below, we provide examples of force-driven and blood-pressuredriven movements of antennae.

Blood Pressure Response to Stretching/Compression
To remove debris, parasites, and pathogens from their long antennae, some insects
pull them through specialized cuticular brushes on the legs or through the mouthparts to
clean them 28. By doing so, these insects apply a tensile force on their antennae. The
tensile loading of antennae is seen in some male long-horned beetles fighting for females:
when they lash one another with their antennae 18, the antennae are stretched by the beetle
receiving the lashing.

70

When the antenna is subjected to tensile force, 𝐹 > 0, the relative pressure in the
lumen becomes negative (formula at bottom of Table 5.1), that is, the pressure in the
blood drops below atmospheric pressure, resulting in contraction of the cuticular shell.
Thus, the sign of pressure does not correspond to the sign of the axial stress developed in
the cuticle. For example, during the pulling stroke on the antenna, Figure 5.1 a–c), the
cockroach applies positive tensile force, resulting in negative blood pressure relative to
ambient pressure. And vice-versa, when the insect taps the antenna over a surface,
compressing it, blood pressure in the lumen increases relative to ambient pressure.
Because membranes connecting flagellomeres are prone to unfolding and
stretching, the blood pressure counteracts the unfolding. Therefore, blood pressure in the
antennae effectively reacts to oppose membrane stretching and, hence, antenna extension.
Thus, having blood in the lumen, which opposes membrane unfolding, makes the
insect antenna sturdier. As illustrated for P. americana and V. cardui, the shapes of
folded antennal membranes can be complex. The simplest shape observed in P.
americana looks like an axisymmetric collar obtained by rotating a 2D circular arc about
the antennal axis. When the antenna is subjected to tensile force, 𝐹 > 0, and the arc ends
of the connecting chord attached to the flagellomeres are moved apart forcing the
membrane to flatten, the negative blood pressure pulls it back to preserve the original
configuration, Figure 4.4 g). The same mechanism works with the more complex shape
of the membrane of V. cardui, Figure 4.4 d). The membrane, however, is folded on itself
like a tilted V, providing stronger resistance to unfolding. In both cases, the blood
pressure works to resist unfolding.
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Tactile exploration of the environment by antennae typically involves tapping or
touching of objects 10, 11. When an insect explores an object with its antennae, the
mechanical reaction force at the point of antennal contact with the object acts to compress
each antenna along its axis, 𝐹 < 0. According to our model, blood pressure in the lumen
increases above atmospheric pressure. Again, the blood pressure acts against folding the
connecting membranes inward as the flagellomeres come together. Having this natural
design of blood-filled antennae helps the insect deform them during behaviors such as
grooming or tapping, without the possibility of breaking these important appendages.

Blood Pressure Increase Results in Outstretched Antenna
In a zero-force scenario, inflation or contraction of antennae is caused by increase
or decrease of blood pressure, provided that no external force is applied to the antennae.
The sign of applied pressure corresponds to the sign of the axial stress developed in the
cuticle. For example, to stretch antennae, blood pressure needs to increase with respect to
ambient pressure. By doing so, the insect imposes a positive tensile stress on the cuticular
shell, stretching the antennae. And vice-versa, by dropping blood pressure below
atmospheric, the insect imposes a contractive z-stress on each flagellomere, forcing the
antennae to shrink in the axial direction. In other words, positive 𝑃 corresponds to
positive 𝜎FF and negative 𝑃 corresponds to negative 𝜎FF . These pressure changes help the
insect maneuver its antennae on demand. Indeed, the connecting membranes react to
these pressure variations in unison: when blood pressure increases, the connecting
membranes are prone to unfold, forcing the flagellomeres to move away from one
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another. When the pressure decreases below atmospheric, it forces the membranes to fold
inward toward the lumen and the flagellomeres are dragged together, contracting the
antennae.
In V. cardui, the majority of the sensilla are on the flagellomeres of the club-like
tip of the antenna. In the resting position, these distal flagellomeres are nested like a
stack, thereby protecting many of the sensilla. As our video analyses show, the club can
be actively stretched, which exposes the sensilla and allows them to receive sensory
stimuli. Similarly, when the antennae of the cockroach are stretched, even slightly, the
hair-like sensilla decrease their angle of tilt with respect to the surface. Any degree of
stretching, therefore, would increase the mechanoreception of antennal deformations.
Even more illustrative of the pressure-driven fanning of flagellomeres are the
lamellate antennae of beetles in the family Scarabaeidae. Some species of this family live
in substrates such as excrement, where sensilla could easily become contaminated. In the
resting state, the lamellae of the antennae are tightly packed together and spread apart
only for flight. As shown for the cockchafer (Melolontha melolontha), the lamellae
spread only when the antennal hearts increase blood pressure 50; after elimination of these
organs, the beetles can no longer spread the lamellae.
Several scenarios are possible for blood control in antennae. The blood pressure
can be elevated by increasing the frequency and/or amplitude of the antennal hearts to
minimize backflow of blood to the head. No valve could be identified that would stop the
backflow at the antennal base where the antennal lumen merges with the lumen of the
head capsule. Even if a valve is lacking, backflow from the antennae can be prevented by
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increasing the blood pressure at the base by pumping blood from the posterior of the
body. Thus, the increased blood pressure at the antennal base should reduce the backflow
from the antenna.

Artificial Flagellomeres
Materials and Methods
Plastic tubes (Polypropylene, First Mark®) were tensile tested on the Instron
machine (Model 1125) to understand how being filled with a liquid influences the
mechanical properties of such a complex fiber. Empty tubes (n = 13) and tubes filled with
water (n = 13) were tested and compared. A single tube was cut in half and used as a
reference empty straw. The other half was filled with water. To maintain cylindrical
shape of the straw, a machine screw (5 mm diameter, 0.8 mm per thread, and 16 mm
length) was inserted into the ends of the straw so that the Instron clamps pressed down on
this harder material, but not deforming the straw. Hot glue was added to the open end of
the tube, and the screw was inserted before the glue hardened. More hot glue was added
at the boundary of the screw and end of the tube to form a tight seal. For the water-filled
samples, water was added to the open end of the straw, filling it completely. For both
filled and empty tubes, the same process was done to insert another screw on the other
end. After drying, the tube was ensured to have no leaks in the hot-glue seal.
Samples were loaded into the Instron machine so that the tops of the screws were
beyond the edge of the clamp and the clamp pressed down on the length of the screw.
Samples were extended for a total of 10 cm at an extension rate of 50.8 mm/min.
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Results of Tensile Testing on Artificial Antennae

Figure 5.3 a) Comparison of experimental data with theory in terms of normalized tensile
force versus axial strain for water-filled tubes. Force and strain were normalized to each
sample’s maximum force and its corresponding strain at that force. No adjustable
parameters were used. The photograph shows plastic tubes, empty at the left and waterfilled at the right, with screws at the ends supporting the cylindrical shape of the tubes
during tensile experiments. b) Axial stress versus axial strain for empty and water-filled
tubes. The stress is obtained by dividing the average force values by 𝜋𝑅"" for the waterfilled tubes and by 𝜋(𝑅"" − 𝑅!" ) for the empty tubes. The J-curves of insect antennae
could be explained by a transition from one type of mechanical behavior of the bloodfilled antenna to the other type when the stress will be concentrated on the flagellomere
cuticle. This transition is shown by the arrows.
Figure 5.3 a) illustrates the comparison of experimental data of the plastic tubes
with theory determined from the equations in Table 5.1. Poisson’s ratio, n, and Young’s
modulus, E, of the plastic tubes were determined experimentally during tensile testing by
cutting out a small, rectangular strip from the tube. Pressure was determined by using a
range of strains and solving for P in the equation for ezz in Table 5.1 for the non-zero
force case. From here, the pressure was used to solve for F in the final equation in Table
5.1.
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Several phenomena were noticed during tensile testing. First, upon stretching, the
cross-section of the water-filled tube was typically ovalized into a more ellipsoidal shape,
even with the screw to initially support the cylindrical structure. On the other hand, the
empty tubes remained round during tensile testing. Both tubes relaxed and shrank
elastically after being released from the clamps.
Three times, a bubble was seen in the filled tubes that formed during tensile
testing, typically at the top of the water-filled column and was visible after testing in
several of the samples. Bubbles possibly formed in more than a few water-filled samples
but disappeared during the shrinking/relaxing process after being released from the
clamps.
Generally, the water-filled tubes exhibited a lower maximum force and stress
compared with the empty tubes. The water might help bear the load of the tensile force,
thereby distributing the stress across the entire cross section of the tube compared with
only the tube wall. Graphs support this idea by using a data set of all points normalized to
the maximum force exerted on each sample and then averaged together, Figure 5.3. From
there, the average cross-sectional area was determined for each case. Because the water
supports the force across the whole cross section, the area of filled tubes was calculated
as 𝐴R:$$S& = 𝜋𝑅" " , where 𝑅" is the outer radius of the tube. The area of the empty tube
was calculated as 𝐴S)T(/ = 𝜋(𝑅" " − 𝑅! " ), where 𝑅! is the inner radius of the tube.
From here the average stress for each case was determined by multiplying the
normalized force and the average force together and then dividing by the average area in
each respective case. Table 5.2 displays all these values.
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Table 5.2 Parameters used in Tensile Testing of Plastic Straws
Filled Straw

Empty Straw

Average Max Force (N)

69.6±5.9

71.7±5.2

Strain at Max Force

0.17±0.02

0.17±0.03

Average Outer Radius (mm)

2.79±0.01

2.79±0.01

Average Inner Radius (mm)

2.63±0.01

2.63±0.01

Average Area (m2)

2.44E-5±1.60E-7

2.59E-6±1.60E-7

Average Max Stress (MPa)

2856±245

27646±2956

As observed in Figure 5.3 b), two types of mechanical behavior of the water-filled
and empty tubes are distinguishable. The arrows in Figure 5.3 b) illustrate an imaginable
transition from one type of mechanical behavior of a blood-filled antenna to the other
type. For example, this transition or manifestation of the J-type strain-adaptive behavior
might occur when a predator stretches the prey’s antenna until it is about to break. A
trachea subject to the negative pressure of the blood should break first and a bubble could
be released. Hence, the stress will be concentrated only on the flagellomere cuticle. In
this schematic, the transition is sharp. Given the complexity of the tracheae, nerves, and
hemocoel morphology, it is difficult to imagine that once an air bubble is released from
the extended tracheae, it would immediately block the hemocoel at the same strain. Extra
expansion probably would be required for the bubble to completely displace the blood
from the antennal cross-section. Therefore, the J-curve is not sharp, but gradually
changes as the strain increases.
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Future Perspectives
Our findings demonstrate the rich structural and mechanical properties of insect
antennae at multiple scales and suggest additional opportunities for examining the role of
blood and cuticle in load distribution for any leg-derived appendages and the consequent
implications for insect behavior and physiology. At the nanoscale, for example, we found
that although Young’s modulus sets up the magnitude of strain in the antennal cuticle, the
stresses in the cuticle do not depend on Young’s modulus but rather on Poisson’s ratio,
demonstrating the importance of the nano-scale organization and packing of alpha-chitin
crystals and fibrils in the cuticle 39, 40, 46, 51-53.
The principles we have outlined for antennae should apply generally to all serially
homologous appendages of insects. Yet, the structural variety of these appendages and
their associated functional diversity in roles such as feeding, mating, and flying are also
associated with singular attributes that would make them attractive subjects for further
investigation. All appendages are furnished with diverse sensilla specific to the functional
needs of the particular extremity. We highlight one possible avenue of investigation,
based on a sensory organ unique to antennae.
In addition to external mechanosensilla, each antenna harbors many
proprioceptors in its base, which are arranged to form a complex, multifunctional sensory
organ known as Johnston’s organ 54. It is highly sensitive to minute physical forces and
serves a variety of functions such as controlling flight 7, 20, 55, detecting airborne sounds 16,
17, 56-58

, and even sensing electrical fields 59.The possible connection between the
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vibratory properties of the antennae and actuation of Johnston’s organ, presents
implications that should be of interest to sensory physiologists studying this extremely
vibration-sensitive organ. We suggest that the role of blood pressure, particularly its
coupling with cuticle deformation, in altering properties of antennal fibers deserves
exploration. The antennae of hawkmoths, for example, vibrate at the wing-beat
frequency7. As discussed earlier, this selected vibration frequency can be a result of blood
pulsation in the insect head. When the moth rotates its body during flight, the antennae
experience Coriolis (gyroscopic) and drag forces that perturb the background vibrations.
These perturbations are converted to electrical signals by sensory units in Johnston’s
organ; without this input, flight stability is disrupted 7. But the role of blood–cuticle
coupling in detecting, monitoring, and controlling antennal motion in the mechanical
loading on Johnston’s organ during aerial maneuvers remains unexplored.
In mosquitoes, the antennae serve as hearing organs 16, 60, 61 with the ability to
identify the direction of sound even when it arrives from the side. There is no direct
evidence of deformation of the sensory units in Johnston’s organ, but indirect estimates
suggest surprisingly small, nanometer-scale, displacements leading to signal firing by the
nerves 16, 61. Blood flow through mosquito antennae 62 falls into our general schematic of
blood–cuticle coupling, supporting the hypothesis that Johnston’s organ is loaded through
the blood–cuticle interaction, which helps in directional insect hearing.
These exciting ideas can be further developed to shed light on many other
organismal appendicular features associated with blood–cuticle coupling. On the other
hand, these findings put liquid-filled fibers 63-66 in a different category of fiber-based
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materials that offer unique multifunctionality 67, 68. The walls of synthetic fibers are thick,
and it is not easy to produce flagellomere-like fibers with thin walls 69, 70. Therefore, to
achieve the antenna-like functionality, a future direction would be to investigate a
possible fabrication rout that could lead to a fiber with thin walls and a liquid core.
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CHAPTER VI
IMPACT TESTING

Introduction
The impact resistance capabilities of liquid-filled fibers have been studied for the
past several decades as it relates to the relationship of the fiber and the liquid. Certain
combinations of fiber material and shear thickening fluid (STF) have been known to
successfully slow down projectiles.71, 72 The basis of the high-impact mechanisms are
known, but the main drawback of these materials are their weight. Impregnating fibrous
materials with liquids significantly increases their weight.
By examining the response of Periplaneta americana antenna to a high impact
load and compared to that of a simple, artificial antenna, tubes filled with varying fluids,
the structure and sizes of the antennal components can be related to its impact properties.
Initial hypothesis states that the presence of hemolymph found in antennae aids in the
impact resistant properties, but the coupling of the cuticular flagellomeres and elastic
membrane (antennal structure) also contribute to the super damping property of the
antenna.
The impact of a metal ball coming into contact with artificial and natural antennae
was observed and analyzed to gain an understanding of their impact resistance and
deformation mechanisms. This was done by filming a sample being punched by a metal
ball controlled by a mechanical pusher.
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For a comparative analysis, the artificial antennae (plastic tube samples) were
filled with different fluids and differences in the impact waves were observed. In this
case, air, water, and glycerin were used as different fluids representing a wide range of
densities and viscosities resulting in different Reynolds numbers,
𝑅𝑒 =

U?V
W

,

Eq (6.1)

where r is density of the fluid (kg/m3), 𝑣 is velocity (m/s), 𝐷 is the inner diameter of the
tube (m), and h is the dynamic viscosity of the fluid (Pa*s). The Reynolds number is the
ratio of inertial forces relative to the viscous forces within a fluid.
This difference in Reynolds numbers could be associated to the differences in
wave formation. At low Reynolds numbers, where viscous forces dominate, one would
expect a significant contribution of the fluid density on the wave formation and
propagation. Whereas at higher Reynolds numbers, where inertial forces dominate, and
turbulent flow is characteristic, one would expect significant contribution of the fluid
density but not viscosity on the wave behavior.

Materials and Methods
The general setup of the sample and mechanical pusher is shown in Figure 6.1. A
Motion Pro Y High-speed camera with a long Navitar lens was used along with a stage
light as back lighting necessary for filming at high frame rates (63,000 frames/s). The
metal ball attachment was used on the mechanical pusher which can be programed to
push down and return to its resting position as quick as possible resulting in an impact
speed of approximately 1.5 m/s using a Pulse Generator (Berkeley Nucleonics
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Corporation) coupled with a programmable power supply (GW Instek). This mechanical
pusher and metal ball were placed vertically above a stand where the sample was placed.
The camera, light, and mechanical pusher were all powered on and the placement of the
metal ball was adjusted to be in the viewing area of the camera with the software Motion
Pro Studio (IDT). The mechanical pusher was programmed to allow for a single burst
(push down and return to original position). A sample was prepared as described in the
following sections.
The sample was placed on the stand and brought up to a height just short of
touching the metal ball on the mechanical pusher. The length of the sample was seen in
the viewing area of the camera. Then in the video software, the region of interest (ROI)
was cut down to 1060 x 44 so that the maximum frame rate could be set to 63,000 FPS.
The top edge of the sample was towards the top of the ROI. Then, when the recording
began, and the mechanical pusher was activated so the metal ball punches the sample.
For the artificial antennae, the tube was only compressed, not completely crushed, since
the travel distance of the ball is slightly less than the diameter of the tube. When testing
cockroach antennae, a complete crush of the antenna was accomplished.
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b)

a)

~1.5 m/s
EM

~1.5 m/s

Figure 6.1 a) Artificial antenna/plastic tube sample filled with air and sealed completely
with glue and screw to maintain cylindrical shape. Sample was placed on double sided
tape to prevent rolling during testing. Metal ball attached to mechanical pusher presses
down on sample at approximately 1.5 m/s and returns to original position. b) Mechanical
pusher with metal ball attachment. Power source activates the electromagnet (EM) which
attracts the metal lever pulling the attached rod down at the resulting 1.5 m/s.
Artificial Antennae Preparation
Polypropylene tubes (First Mark® drinking straws) were used to represent an
artificial antenna during experimentation. A small amount of hot glue was applied to one
end, then, to maintain cylindrical shape of the tube as much as possible, a machine screw
(5 mm diameter, 0.8mm per thread, 16 mm length) was inserted into the end of the tube.
For some samples, either water or glycerin was added to tube ensuring no bubbles
formed, otherwise the tube was left empty (therefore, air was the fluid considered). Hot
glue was added to the open end of the tube, and then the screw was quickly inserted
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before the glue hardened. Then, more hot glue was added at the boundary of the screw
and end of the tube in order to form a tight seal. After drying, the tube was checked to
have no gaps in the hot glue seal where water would leak out. The inner diameter was
calculated from an average of 5 samples for each type of fluid used and the density and
dynamic viscosity values were found in the literature for conditions at 20oC.

Cockroach Antenna Preparation

Figure 6.2 Cockroach antenna (still attached to live insect) mounted on a glass slide
prepared for impact testing.
In order to test on a cockroach antenna, a live insect was used with the antenna still
attached. First, a small “V” was cut into the flap of an insect envelope, large enough to
fit the cockroach head through. A cockroach was taken from the jar with a gloved hand
and the head was fit into the hole and the flap was closed. The envelope was rolled up
and taped to restrain and secure the insect. A piece of paper the size of a glass slide was
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cut and taped down to a glass slide as flat as possible to cut down on the reflection from
the stage light. The cockroach was placed heads-down on the slide, so the antennae lay
against the slide along the length and the body was taped down to secure to the slide. A
small strip of tape was used to tape down antennae close to the head to prevent antennal
movement. Another small strip of tape was used to tape down the tip of the antenna to
ensure the antenna was secure and lying flat. This resulted in a few centimeters of the
antennae being exposed on the slide between the two pieces of tape.
Table 6.1 Experimental Conditions During Which Impact Testing with Cockroach
Antennae Took Place
Sample #

Date

1

10/19/21

2

10/19/21

3
4
5

10/19/21
10/19/21
10/19/21

Time
10:30
AM
11:45
AM
1:10 PM
2:30 PM
3:30 PM

Temp (C0)

Humidity
(%)

Batch

Insect
Age
(Days)

22

40

9/3/21

46

22

40

9/3/21

46

23
23
23

40
40
40

9/3/21
9/3/21
9/3/21

46
46
46

Results
Analysis of Artificial Antennae
Recording the impact of the sample at 63,000 FPS (frames/s) revealed much more
detail than what was originally observed at lower frame rates (40,000 FPS). At lower
frame rates, we could only observe the tube getting crushed momentarily before returning
to its original position without significant deformation. At the higher frame rate, though,
longitudinal waves could be seen at the surface of the tube beginning at the moment of
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impact. Longitudinal waves are a type of mechanical wave that propagate along the tube
axis not engaging any movement or bending of the tube perpendicularly to the tube axis.
The observed waves are not considered to be associated with the sound waves since the
speed of the resulting impact is much slower than the speed of sound moving through any
of the different mediums, Table 6.2.73, 74 Figure 6.3 illustrates these waves seen in the
samples.
Table 6.2 Speed of Sound Waves Through Different Mediums
Material
Water
Air
Glycerin
Polypropylene

Speed of Sound (m/s)
1480
343
1904
2470

Figure 6.3 Impact of metal ball moving at 1.5 m/s on glycerin filled tubes. The time step
between frames is 0.063 ms. The white arrows indicate the lateral motion of the waves
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moving along the surface. a) Moment of impact at 0 s. b) Wave begins to move across
tube surface. c) Wave continues along surface. d) Wave exits field of view. The wave
amplitude is 40 µm.
The initial shock wave caused by the impact of the metal ball was tracked over
time using image analysis with ProAnalyst (Xcitex) 1-D line tracking feature then
compared to measurements determined manually with ImageJ in order to confirm the
calculated velocity of this initial wave. Manual measurements were within 6% of those
calculated by ProAnalyst but only the ProAnalyst velocity measurements are reported
here.
The first wave was defined as the first visible step down from the baseline (edge
of the tube) moving from the site of impact to infinity shown in Figure 6.3. The wave
amplitude (or the step heights) from all plastic tube samples were all approximately 40
µm in height. The distance the wave traveled was tracked by placing a line along the row
of pixels to track the front of this wave. The software recognizes the transition from a
black pixel to a white pixel and a marker was generated at this boundary. The marker
was tracked for a set of determined frames and its position was graphed within the
software. This process is illustrated in Figure 6.4.
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Figure 6.4 ProAnalyst Software by Xcitex using 1D Line Tracking feature to determine
position of the wave propagation. a) Initial position of wave propagation after impact. b)
1D Line tracking software to mark initial wave position. c) Intermediate position of wave
propagation after impact. d) 1D Line tracking software to mark intermediate wave
position. e) Final position of wave propagation. f) 1D Line tracking software to mark
final wave position.
The data was then noted in Microsoft Excel to calculate the velocity of this wave
using the associated frame rate and a pixel-to-distance conversation (previously
determined in ImageJ). The conversion of pixels to millimeters was determined using a
function in ImageJ that measures the radius of a partial circle in the image using points
along the circumference and comparing it to the known radius of the metal ball. The
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velocity was calculated for each of 5 tests and averaged together to determine the average
velocity of the initial impact wave for each type of sample. 5 tubes filled with water were
tested, as well as 5 tubes filled with glycerin and 5 empty (air-filled) tubes and an average
velocity was reported for each fluid type, Table 6.3.
Equation 6.2 explains how the velocity for a particular sample was calculated
where x0 is the initial position of the wave, xf is the final position of the wave and t is the
time elapsed. For example, the position of the white marker in Figure 6.4 f) was
subtracted from the marker in b) to get the distance the wave travelled. This distance was
divided by the time elapsed between these two frames from the video.
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Eq (6.2)

Where 𝑖 = 1 … 𝑛; Where 𝑛 is number of specimens.
Equation 6.3 shows the calculation used to determine the average velocity for a type of
sample. For example, 5 water filled tubes were tested and a velocity of the initial wave
was calculated for each one. Then these n = 5 velocities where averaged together to
determine the average velocity reported in Table 6.3 including the standard deviation of
these values.
𝑣'?@ =

(?, =?% =⋯?. )
C

Eq (6.3)

In addition to this average velocity calculation, the position and corresponding
time data points for each sample were plotted and a linear trendline was produced to
describe the points, Figure 6.5. The velocities determined by this method are also
reported in Table 6.3 including the standard error of these values. The slope of this line
should represent the measured average velocity for each sample set in Table 6.3. In this
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case, the trendlines are within the margin of error, shown by the standard error bars on
each data point, and are very similar to the average velocity measurements from
ProAnalyst, though not exact. The error bars were generated using Excel’s Standard
Error function based upon all data points of a set for each type of sample.
6

Slope = Velocity (m/s) = 15.5
5

Slope = Velocity (m/s) = 24

Position (mm)

4

Slope = Velocity (m/s) = 11.3
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3
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P. americana

2

Slope = Velocity (m/s) = 6.3

1

0
0
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0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
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Figure 6.5 Graph of Position vs Time with data points for each sample in impact testing.
The trendline is a linear equation describing the data points for each type of sample i.e.,
orange line is the linear equation of best fit for all water-filled tube data points.
Also, the average wavelength was determined by measuring the distance from the
initial wave front to the following one upon its formation. This was measured using
ImageJ to measure the wave front of the initial waved formed after impact to the wave
front of the preceding wave, Figure 6.6.
Wavelength

1 mm

Figure 6.6 Measurement of the initial wavelength formed upon impact. The wave closer
to the ball has nucleated at 0.275 ms after nucleation of the first wave.
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The average velocity determined from Eq (6.3) of the wave was used in the
calculation of the Reynolds number for the different samples. Reynolds number for the
cockroach antennae used the bending wave velocity. The materials properties of the
fluids, average tube diameter, average velocity of the wave, and resulting Reynolds
number for the different samples are shown in Table 6.3.
Table 6.3 Summary of artificial and natural antennae parameters.
Sample
Density (kg/m3)
Dyn Visc (Pa*s)
Diameter (mm)
Avg Longitudinal
Velocity from Eq
(6.3) (m/s)
Avg Velocity from
Figure 6.5 (m/s)
Avg Bending
Velocity from Eq
(6.3) (m/s)
Avg Wavelength
(mm)
Reynolds Number

Air
1.204
0.00001813
5.46±0.05

Water
997
0.001
5.44±0.08

Glycerin
1260
0.95
5.50±0.03

P.americana
1000
0.0018
2.07±0.02

12 ± 2

17 ± 2

23 ± 3

46 ± 0.6

11.3 ± 0.5

15.5 ± 0.6

24 ± 0.7

6.3 ± 0.3

N/A

N/A

N/A

9±3

2.3 ± 0.2

4.2 ± 0.5

5.4 ± 0.5

N/A

4456±1996

91306±14025

168±21

1007±360

All samples resulted in Reynolds numbers greater than 100, indicating that the
inertial forces were more dominant than the viscous forces. Although, for the glycerin
filled samples, this number is one to two orders of magnitude smaller compared to the
water and air-filled samples suggesting that the viscous forces are much more prevalent
in glycerin (which also has a much higher dynamic viscosity value). The glycerin filled
tubes also resulted in the fastest velocity and the longest wavelength compared to the
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water or air-filled tubes. This suggests that viscosity has the largest influence on the
impact properties in this case.

Analysis of Cockroach Antenna
The response of the cockroach antenna upon impact differed greatly from that of
the fluid filled tubes. A bending wave, additional to a longitudinal wave, was observed
that travelled down the length of the antenna as a result of the hemolymph being pushed
to the ends. The metal ball would punch the antenna cuticle which would then force the
antenna to bend upwards on both sides. Then as the hemolymph was being forced to
travel down the length appearing as one single wave moving along the antenna. As the
peak of this wave travelled, the antenna would immediately relax and flatten back out
after the wave had passed. Also, this bending wave became very noticeable once the
antenna was completely crushed (full impact) not just at the moment of impact like in the
tubes. Figure 6.7 explains this phenomenon. Images of the video depicted below was not
used in the determination of the velocity of the wave as the video was filmed at a lower
frame rate. Because of this, a larger viewing area was used and qualitatively shows the
wave propagation as a set of images instead of video form.
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a)
1 mm

b)
1 mm

c)
1 mm

d)
1 mm

Figure 6.7 Set of images from video demonstrating bending wave propagation in
cockroach antenna upon impact. The time step between frames is 0.05 ms. a) Antenna
just before impact. b) Initial impact with bending wave propagation. c)-d) Wave
propagating down length of antenna.
The cockroach antenna resulted in a Reynolds number Re ~1007 indicating that
the inertial forces of the fluid dominate compared to the viscous forces. A slower
velocity of the bending wave was recorded despite having a similar dynamic viscosity
value as that of water. Cockroach hemolymph has very similar density and dynamic
viscosity. Therefore, the larger difference in the Reynolds number was due to the internal
diameter of the tube/antenna. Despite a difference in two orders of magnitude for the
Reynolds number, the antenna resulted in a bending wave velocity half that of the water
filled tube.
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It was also noticed that upon impact, but before the wave began propagating, the
sensilla along the length of the antenna began to spread out. A similar phenomenon was
observed during tensile testing, but in that case, the tilting aligned with the direction of
the tensile force and the sensilla angled inward towards the antennal axis. When the
antenna experiences an impact, the sensilla begin to spread outward on a single
flagellomere and then is observed on the adjacent one and continues the length of the
antenna. Meaning that this sensilla tilting does not occur for all flagellomeres
simultaneously like was seen in tensile testing. This can be considered the longitudinal
wave of the cockroach antenna compared to the wave front seen in the artificial antennae.
Figure 6.8 shows images from a video where this phenomenon can be observed.
a)
500 μm

b)
500 μm

c)
500 μm

Figure 6.8 Spreading of sensilla on antenna during impact. The time step between
images is 0.126 ms. a) Moment right before spreading. b) Sensilla from impact site to
dashed line are fully spread out to erect position. Sensilla to the right of dashed line
started to spread out. c) All sensilla along length are fully spread out.
This phenomenon was tracked using ImageJ in an attempt to determine the
velocity. Currently, two videos of two different natural antennae showed this feature
distinctly enough and the average velocity was 46 ± 0.6 m/s. This is a very preliminary
measurement but still worth noting that the velocity of the longitudinal wave was much
greater (>5x) than that of the bending wave. It is also worth noting in Table 6.3, an
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average wavelength for the antenna longitudinal wave was not reported because only one
wave (spreading of sensilla along antenna length) was observed one time with no
apparent end marker. This comparison of the longitudinal and bending wave in natural
antennae should be expanded upon in the future.
When testing multiple impacts at the same site, a crack along the antennal axis
was observed and hemolymph was seen being forced out of the antenna. Typically, 3 or
more impacts in the exact same area were required to observe this phenomenon,
indicating that the antenna can withstand multiple impacts to a certain degree. Upon
examining the antennae after this test, the crack appeared to be self-healed due to the
clotting of the hemolymph. The dotted circle embraces a crack aligned with the antennal
axis that formed upon impact. This crack has clotted with hemolymph in order to seal the
opening.

Figure 6.9 Cockroach antenna after multiple (approximately 3) impacts resulting in a
crack along antennal axis that has self-healed.
After multiple impacts and the fracture of the antenna/formation of the crack, the
hemolymph inside the antenna can be seen bursting out from a point of fracture. This
observation was very insightful to understanding the mechanics of the breakup of the
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liquid. Figure 6.10 is a set of images illustrating the hemolymph bursting from the
antenna and formation of a droplet. From analyzing this video, the velocity of the drop
exiting the antennae and the mass, kinetic energy, and pressure of the droplet can all be
calculated from this one sample. These values are listed in Table 6.4.

a)

b)

c)

100 μm

100 μm

100 μm

Figure 6.10 Hemolymph droplet bursting from a point of fracture in antenna upon
impact. The time step between images is 0.025 ms.
Droplet Velocity Calculation:
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Droplet Mass Calculation:
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Droplet Kinetic Energy Calculation:
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Droplet Pressure Calculation:
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Table 6.4 Summary of mechanical properties of hemolymph exiting antennae.
Drop Velocity (m/s)
Drop Mass (kg)
Kinetic Energy (J)
Pressure (Pa)
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0.83
2.1E-10
7.2E-11
340

Conclusion and Further Developments
The cockroach antenna exhibited two different types of wave propagation
compared to all the artificial antennae samples. One is a bending wave and another one
is a longitudinal wave manifested through sensilla tilting phenomenon. This leads to the
hypothesis that the segmented-flagellomere-system and overall structure of the cockroach
antenna (as well as the presence of hemolymph) contribute to its unique impact properties
and resulting a slow bending wave velocity and high longitudinal wave velocity. It’s
possible that this structure aids in the dispersion of impact forces and distributes it
efficiently across the length of the antenna in addition to containing hemolymph
throughout. The experiment described was a means to initially understand how different
fluids affect impact properties and how the deformation mechanism upon impact differs
from that in cockroach antennae. In future experiments, testing could be completed on
artificial antennae that have a segmented-flagellomere design in order to understand how
this structure contributes to the overall impact properties. Also, the velocity difference in
the antenna longitudinal wave and bending wave should be further explored to fully
understand why this large difference in velocity occurs as well as understanding the
mechanism of the sensilla spreading.
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CHAPTER VII
DEVELOPMENT OF ELECTROMAGNETIC PENDULUM TO PROBE DAMPING
PROPERTIES OF FIBER/ANTENNA

Motivation for Creating a Novel Device
A new, unique device was designed and constructed in order to properly
characterize the frequency dependent damping properties of fibers as well as other fiberlike-structures such as insect antennae. Previously, it has been difficult to characterize
such properties without exerting a mechanical force directly on a fiber or fixing both its
ends. Rudolph Hufenus et al63 have developed several fiber characterization methods
including the creation of a flexural vibration device in order to measuring the dynamic
damping factor near a fiber’s resonant frequency where the fiber was manipulated by a
piezoelectric actuator. Another method consisted of fixing both ends of a fiber and
exciting it to its resonance frequency to understand the vibration decay. So, it was
deemed necessary to create a device that could probe cantilevered fibers at different
frequencies.75 We propose to develop a device that utilizes magnetic fields to manipulate
a fiber, with a magnetic drop on the tip, by oscillating it at a given amplitude and
frequency by means of non-direct-contact. This electromagnetic fiber manipulator was
also designed to be multifunctional, so that, not only can it produce oscillating magnetic
fields but can also conduct relaxation experiments where the tip is displaced and then
released. Conducting this set of experiments, one can obtain crucial information on a
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fiber’s damping properties. This is essential to the characterization of insect antennae in
which the damping mechanism is not understood.
Controllability of the magnetic field was taken into account during the
development process so that tests can handle a range of different materials. The use of
electromagnets instead of a set of permanent magnets offers the ability to control the
oscillating magnetic field, therefore the fiber, with precision at high frequencies (up to
1KHz). Variability of the magnetic field is very important so that a wide range of fibers
can be analyzed.
The device consists of two opposing electromagnets, with cores at the center of
the coils, which have been mounted on a custom 3-D printed holder. Placing coils on this
holder, one can apply the oscillating field in any direction. For example, the fiber is able
to oscillate horizontally or vertically like a beam fixed at one end, or horizontally like a
pendulum swinging, Figure 7.1. Different structural properties can be understood
depending on the orientation.
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Figure 7.1 Schematic of magnetic drop placed on tip of a fiber sample oscillating due to
a magnetic field generated by an electromagnet. One end of the sample fiber is fixed in a
brass tube and the other end with the magnetic drop is able to move freely.
Fibers can be easily controlled by the electromagnetic coils by applying a
magnetic drop to the tip. Ferrofluid, a liquid consisting of iron particles, can be mixed
with a viscous glue and the fiber is dipped into the mixture, creating a magnetic drop on
the tip of the fiber.
The position of the droplet on the tip of the fiber can be measured with the use of
a photosensitive detector (PSD) sensor coupled with an incident LED. The PSD
determines the position of an object based on the amount of light that the photodiode is
detecting as the object passes over the sensor. When the entire PSD is illuminated by the
LED, it registers that it is unobstructed. As an object moves across the PSD blocking the
light, it can track the motion of the object based on the point where light is obstructed
from the sensor.
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This chapter describes the creation of the electromagnetic fiber manipulator to its
present state, the initial calibration tests during setup, and explains its ability to
characterize important materials properties of fibers and other biological, fiber-like
samples. By using controllable magnetic fields, the damping properties and frequency
dependence of these fiber materials can be explored in detail.

Building the Device
Hardware
The electromagnets used are E-66-100 Magnetic Sensor Systems tubular
magnetic coils (25.4 mm diameter and 16.8 mm thick) and are comprised of copper wire
coils surrounded by a steel casing with a steel magnetic core. A core was used in order to
inherently strengthen the magnetic field. These coils were placed opposite of each other
so that a coordinated signal can be sent to each one individually to create an oscillating
magnetic field. This allows for a wide range of experimental designs where one or both
coils can be used.
A custom designed 3-D printed holder with 4 arms extending from the base was
created for the coils to be mounted upon (Figure 7.2). This part included a set screw at
the center of the base which allows for rotation so that experiments can be carried out in
different orientation as desired. Holes were designed at the ends of the arms so that bolts
were placed through the arms and into the back on the coils, fixing them in place.
Also, mounted on the 3-D printed holder, is a position sensor to track the position
of the oscillating fiber and a light source opposing it. This sensor allows for precise
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motion tracking measurements on the micron scale, so high-frequency oscillations can be
tracked without being seen by the naked eye. Sensors used for this application were
linear photo-sensitive detectors (PSD) Hamamatsu S3931 PSD (6 mm x 1mm active area)
or S3270 PSD (34 mm x 1 mm active area) coupled with the C9068 signal processing
unit. The two different PSDs are both compatible with the signal processing unit but
have different active area sizes and detectable position resolution.
The fiber tip is tracked by the sensor when used with an appropriate light source,
a single LED infrared bulb mounted opposite of the sensor. The position is determined
by the presence or absence of light on a particular spot on the PSD which is detected as
an amount of voltage and then is sent to the signal processing unit. The signal processing
unit and PSD can process frequencies up to 1 KHz. This signal is converted to a digital
signal and translated by Hamamatsu’s accompanying software (C9068) into a physical
position on the micron scale.
In order to measure the strength of the magnetic field along 3 axes before fiber
manipulation, an Ametes MFS-3A magnetic field sensor can be temporarily clipped
between two arms of the 3-D printed holder to be placed between the coil pair.
Alternatively, the sensor could be placed on a Micro Manipulator 3-D stage (Model MP285 by Sutter Instruments) to be placed at different distances from a single coil. This
way, one can evaluate the field distribution and hence calculate the force acting on the
drop at the fiber tip. The three analog output voltages that are measured by the computer
are generated proportionally to the magnetic field flux components in the X, Y, and Z
directions.
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Figure 7.2 a) Electromagnetic manipulator in SolidWorks illustrating the location of the
coils, photo-sensitive detector, and LED source. b) SolidWorks image of Ametes
magnetic field sensor (magnetometer) shown in blue attached to circuit board and clips.
The clips would be placed on two of the arms of the 3D printed holder so that
magnetometer could be placed right in between the coils. c) Image of electromagnetic
manipulator after construction with coils, 6 mm PSD, and infrared LED.
Interfacing of Coils with PC and Software
The coils are connected to a circuit board where the signal generated from the
computer is sent through Apex PA02 power operational amplifiers. The Apex PA02
amplifies the signal with a gain of two, but with the use of other capacitors and resistors
on the board, that gain is halved resulting in a net amplification factor of 1. Meaning that
when a signal generated with an amplitude of one volt is sent to the coils, the resulting
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measurable voltage is in fact one volt. Also, connected to each coil on the circuit board
are a set of indicator lights in order to visually verify if the coils are producing a positive,
negative, or no signal.
Each coil is connected to a National Instruments SCB-68 pin out board with
individual analog output channels. This board is coupled with the PCI – 6070 card added
to the PC, allowing the computer to interface with the hardware of this device. The PCI
utilizes a digital to analog converter in order for the signal generated by the software to
reach the coil at a given voltage. The magnetometer also interfaces with the pin out
board and PCI card but instead of generating a signal from the computer, the
magnetometer measures the magnetic field and sends a signal to the board as a voltage
and then is converted from an analog input to a digital signal which is then read by the
computer.
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Supplied Voltage (V)

a)

Time (T) [ms]

Theoretical Magnetic Field (Bx )

b)

Time (T) [ms]

Actual Magnetic Field (Bx )

c)

Time (T) [ms]

Figure 7.3 a) Signal generated in LABVIEW and sent as a voltage to coils. A positive
only sine wave function with a frequency of 5 Hz was used as an example. Amplitude
normalized to 1 to show shape of the waveform. b) Theoretical magnetic field signal as
read by magnetometer. In theory, the output magnetic field signal should be proportional
to the input voltage signal (Bx µ V). c) Actual magnetic field signal for a single harmonic
read by magnetometer. Note the slight lag of when the signal increases as well as much
smoother transition from “zero region” to “sine wave” region.
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A custom LABVIEW program was designed in order to control and read the
various signals associated with the electromagnetic manipulator. The LABVIEW
program was designed to allow variability in controlling the coils so that a variety of
experiments with different frequency conditions could be used. To control the coils, a
sine wave function generator VI was used allowing to control the amplitude, frequency,
and phase of each individual coil. Other functions can also be used (square wave,
sawtooth function, etc.). This signal is sent through a filter to only produce the positive
part of the sine wave and then convert all the negative values to zero over that section.
The resulting waveform consisted of a positive-only sine wave, Figure 7.5 b). This
means that one coil attracts the magnetic drop and then turns off for an equal amount of
time, resulting in a pulling only motion as opposed to a pull-push motion. This positiveonly sine wave function was chosen due to the fact that the coils were not physically able
to flip the magnetic field from positive to negative quick enough. This was caused by the
large magnetic remanence. The core’s steel has significant residual magnetization after
the magnetic field is removed or changed.

Set coil
parameters to
define magnetic
field.

Signal sent as a
voltage analog
signal through
circuit board.

Magnetometer
senses the
magnetic field
generated by
coils.

Coil activated
and generates
desired signal.

Magnetic field
measured as a
voltage.

Voltage sent as
analog signal to
LABVIEW
indicator graph.

Figure 7.4 Flow chart of magnetic field signal generation in coils and magnetic field
measurement of magnetometer.
An indicator graph was created in order to see the resulting signal that is being
sent to the coil as a voltage. The code is easily able to interact with the connected device

107

and the PCI card by using the Data Acquisition Assistant (DAQ Assist) VI to determine
which channels each signal should be directed towards. DAQ Assist is also used to
connect to the channels in which the magnetometer is connected to in order to receive its
signal and be read out by an indicator graph. The maximum, minimum, and difference of
these two amplitudes are measured in each axis of the magnetometer.
b)
Supplied Voltage (V)

Actual Magnetic Field (Bx)

a)

Time (T) [ms]

Time (T) [ms]

i
ii
iii

Figure 7.5 a) Custom LABVIEW program to read output from magnetometer’s three
axes. The white line signifies the magnetic field in the x-direction, or along the coil axis.
The red and green lines show the By and Bz fields. Note the time scale is different than
that of figure b) but still exhibits a frequency of 20 Hz. The measurement values are i)
the magnetic field at one specific time moment, ii) the maximum and minimum magnetic
field values over the sampling interval (an example of a minimum value is marked with a
white dot), and iii) the difference of the maximum and minimum values over the
sampling interval (marked by the distance between the dashed lines. These marked
measurements of the minimum voltage and difference between the maximum and
minimum are reported in Table 7.1 and Table 7.2. All values are measured as a voltage
and can then be converted to Gauss based on the magnetometer’s conversion. b) Portion
of LABVIEW code to control electromagnets’ inputs of voltage (amplitude), frequency,
and phase shift. This example shows a single coil with a positive only sine wave function
with an amplitude of 2 V and 20 Hz. The maximum values that can be used are 6V and
500 Hz.
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Interfacing of PSD with PC and Software
The PSD position sensor consists of a linear group of photodiodes that measure
the amount of light (flux) that is being absorbed by each photodiode relative to the others.
This means that as the tip of the fiber moved along the active area of the sensor, it would
block the infrared light being emitted from the LED source from the photodiodes in its
path.
The amount of light is measured by the PSD as a current (analog signal), sent to a
current-to-voltage conversion amp and immediately converted to a digital signal with an
A/D converter circuit. This process has a minimum signal conversion time of 5ms. From
there, the signal is sent through the signal processing unit and then to the software by
means of a RS232C line driver. The digital signal was read out by the software as a
position in millimeters. Alternatively, after the digital signal was sent through the PSD, it
could have been directed towards the digital to analog converter and read out as a voltage
with LABVIEW, where a certain voltage corresponds to a certain position depending on
the PSD’s reference values.
Because the initial signal measured by the PSD is immediately converted from
analog to digital, the sensor is limited by this signal conversion time of 5 ms, hence why
that is the minimum value that can be inputted in the software to take measurements.
This means that the position of the fiber was only able to be measured every 5 ms (a
frequency limitation of 200Hz).

109

PSD Input
(Light
measured as
current).

Current to
Voltage
Conversion
Amp

A/D
Converter
Circuit

CPU

Digital
Output to
C9068
Software

Figure 7.6 Flow chart of position signal from PSD to readable data in C9068 software.

Magnetic Field Strength at Various Distances from Coil Face
The E-66-100 Magnetic Sensor Systems electromagnetic coil was calibrated to
understand the effect that the distance away from the coil and increase in frequency has
on the amplitude of the magnetic field. To do this, a calibration curve was generated by
measuring the strength of the field at different frequencies in the range 0 – 500 Hz. In
order to get an appropriate and measurable response, an Ametes MFS-3A magnetometer
was placed at various distances away from the coil along its X direction i.e., along the
coil axis. This helped determine the initial placement of the fiber tip to be probed at a
desired frequency. The effect of fringe fields also was evaluated.
The center of the core was marked, and the magnetometer was placed flat against
the center of the magnetic core’s face. The magnetic field strength in the X, Y, and Z
directions were measured from 0-500 Hz. Then, using a three-dimensional manipulator,
the center of the magnetometer was then placed at the interface of the magnetic core and
coil and the same measurements were taken. After measuring the effect of the fringe
field, the magnetometer was placed at the center of the core once again, but
measurements were taken at distances of 2mm, 2.5mm and 3mm away from the face of
the core along the coil axis. It is recommended to shut off the coils for a few minutes
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approximately every 20 minutes to allow them to cool down. The minimum and
maximum values of the amplitude for each axis are shown in LABVIEW and recorded in
a Microsoft Excel sheet. The first listed set of measurements of magnetic field amplitude
reported in Table 7.1 were defined as the difference between the maximum and minimum
voltage output values of the sine wave over the sampling time interval for a specified
frequency subtracting the natural baseline voltage. Measurements from Table 7.1 were
only performed one time resulting in no reported standard deviation. The natural baseline
voltage was the voltage measured by the magnetometer when the coils were not
activated. All reported values have taken this natural baseline voltage account for and
have it subtracted out. The baseline voltage is reported in Table 7.1 where the frequency
is 0 Hz. The second reported values, listed in the second section of the table, is the
minimum voltage produced by the sine wave, also adjusted to account for this natural
baseline. With these values, the full sine wave, (maximum and minimum voltage values,
amplitude, and offset) adjusted for the natural baseline, can be determined. Figure 7.7
plots the amplitude values as a function of frequency.
Table 7.1 Summary of magnetic field parameters along the coil axis as a function of
frequency for different distances from the coil.

Frequency (Hz)
0*
25
50
75
100
125
150
175

0 mm
2.217
1.661
1.7875
1.989
2.1795
2.1785
2.2725
2.359

Magnetic Field Amplitude (V)
2 mm
2.5 mm
2.59
2.59
1.272
1.239
1.3855
1.346
1.4955
1.478
1.703
1.626
1.7445
1.6345
1.781
1.576
1.792
1.604
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3 mm
2.59
1.255
1.3405
1.4465
1.519
1.62
1.6165
1.658

200
Frequency (Hz)
25
50
75
100
125
150
175
200

2.414
0.542
0.795
1.198
1.579
1.577
1.765
1.938
2.048

1.8895
1.5925
1.5595
Minimum Magnetic Field Value (V)
0.137
0.071
0.103
0.364
0.285
0.274
0.584
0.549
0.486
0.999
0.845
0.64
1.082
0.879
0.955
1.155
0.884
0.977
1.177
1.006
1.111
1.372
1.09
1.026

*Natural baseline voltage that all values were adjusted for.
The effect of fringe field resulted in a similarly measured magnetic field at the
interface between the core and coil to that of the magnetic field at a distance of 2 mm
away from the coil’s face in the X direction, but the magnetometer also picked up a
significant signal from the Z direction as well.
Because of this, the fiber with the drop of ferrofluid was placed between the
center of the core for damping and frequency response experiments so that the fringe
field has little influence. The most consistent frequency range was between 100-200 Hz
as well as over the 300-400 Hz range with little difference in the average strength of the
field at a specific distance. There was a large decrease in field strength average
amplitude from the coil’s face to 2 mm. And then another significant decrease from 2 to
2.5mm but the magnetic field measured at 3 mm was only slightly weaker than at 2.5mm
(Figure 7.7) except at the 150-175 range resulting in very similar values.
Because coils were calibrated individually and not in tandem, it was decided to
conduct experiments with only one coil and with a positive only sinusoidal signal.
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Although, the same calibration method could be used to understand the response of the
magnetic field with two coils running simultaneously.
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Figure 7.7 Plot of magnetic field strength along coil axis as a function of frequency at
different distances from the coil.
The calibration confirmed that as the distance between the coil and the starting
position of the magnetometer increases, the strength of the magnetic field decreases. The
field strength was stronger in the X direction but also picked up the magnetic field along
the Z axis as well, which is an inherent effect of the fringe field.

Magnetic Drop Creation and Characterization
A magnetic drop was created by a mixture of ferrofluid and glue which could be
applied to the tip of the fiber or antenna to form a droplet. The ferrofluid used was from
FerroTec (Catalog #EFH1), composed of 3-15% magnetite iron oxide, an oil soluble
dispersant, and hydrotreated light petroleum, and the glue was Elmer’s School Glue, an
aqueous emulsion polyvinyl acetate, polyvinyl alcohol, and propylene glycol. A 10:1
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glue to ferrofluid mixture was created by using a 1 mL syringe (one for each chemical) to
measure out the appropriate amount of each ingredient and both added to a petri dish or
vial. Then the mixture is vigorously stirred until a uniform substance is created.
Typically, an approximately 1 mL batch would be made at a time. Then, a new syringe
was used to measure out specified volumes of the mixture for further characterization and
calibration. Any leftover material is stored in a labeled vial.

Figure 7.8 a) Ferrotec ferrofluid used in the preparation of the magnetic drop mixture. b)
Magnetic drop mixture of ferrofluid and glue store in a vial (approximately 1 mL).
Magnetic Properties of Ferrofluid
The magnetic properties of the ferrofluid-glue mixture were characterized with an
alternating gradient magnetometer (MicroMag 2900 by Princeton Measurements
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Corporation). The magnetometer system was powered on and the magnetic moment
standard was prepared on the P1 parallel polyimide transducer used to calibrate the
instrument. The standard is an yttrium iron garnet sphere that has a known magnetic
moment value of 77.14E-3 amu. The transducer was connected into place and then a
sweeping hysteresis magnetic measurement was conducted to determine a baseline
measurement. Then a sample of the ferrofluid-glue mixture was prepared on the
transducer and put through the same process.

b)

a)

Sample placed on
polyimide plate.

Transducer

c)
Input where
transducer gets
plugged in.

Sample on end of
transducer.

Area where sample is placed
from end of transducer.

Transducer
plugged into
place.

Electromagnetic Coils

Figure 7.9 a) MicroMag 2900 alternating gradient magnetometer. b) Magnetic drop
mixture placed on MicroMag 2900 P1 parallel polyimide transducer. c) Transducer with
magnetic drop sample loaded into MicroMag 2900 in between coils where magnetic field
in generated.
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The MicroMag 2900 measured the magnetic moment of the material as a function
of the applied magnetic field. The magnetic moment is a vector characterizing the
magnetic strength and orientation of spins reacted on an applied magnetic field. The
applied magnetic field produced by the MicroMag 2900 was continuously monitored by a
built in Hall-effect gaussmeter and the sample to be measured was placed upon an
extension rod attached to a piezoelectric element, a Parallel Polyimide surface in this
case.
The MicroMag 2900 used an alternating gradient field to produce a periodic force
on the sample in a variable or static DC field. This force on the sample is proportional to
the magnitude of the gradient field and the magnetic moment of the sample. The
deflection as a result of this force was transmitted to the piezoelectric sensor and the
output signal was detected and measured as a magnetic moment vs the varied applied
field.
A hysteresis sweeping measurement was conducted on three ferrofluid-glue
mixtures. Two samples consisted of a 0.025 mL droplet as well as a 0.01 mL droplet,
and the other was a droplet with a size representative of what would be used in future
fiber characterization measurements, much smaller than 0.01 mL. This droplet was
created by dipping the end of nylon fishing line with a diameter of 0.28 mm into the vial
of the ferrofluid-glue mixture and dried resulting in a volume of approximately 0.1 µL.
The droplet was then cut off from the remaining fishing line and used as the sample in the
MicroMag 2900. Figure 7.10 compares magnetic moments across the magnetic field
range for all three samples (0.025 mL, 0.01 mL, ~0.1 µL), indicating that droplet size has
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an effect on magnetic moment in which the smaller the droplet size, the smaller the
magnetic moment. The fact that the magnetic moment is exactly the same increasing
from a negative to positive field and decreasing from a positive to negative field indicates
that the ferrofluid does not exhibit any magnetic remanence.
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Figure 7.10 Hysteresis of magnetic moment vs magnetic field for different sized
droplets.
Magnetic Field Strength with Different Sized Drops
Then the magnetic field strength of the coils must be tested again when a
magnetic drop of a known volume is fixed between the coil and the magnetometer in
order to understand how different sized drops (due to different diameter fibers) affect the
magnetic field. Since it is a ferrous material, it influences the strength and shape of the
magnetic field by the creation of a fringe field, similar to the magnetic core in the coil.
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This must be compared to the calibration data in order to understand the effect the size of
the drop has on the magnetic field before it is applied to a fiber that’s free to oscillate.
After the ferrofluid-glue mixture was created, different sized fibers were used to
place a corresponding droplet onto different pieces of tape. This was done by dipping
different sized fibers or wires of a known diameter into the ferrofluid-glue mixture to
form a droplet at the tip. The larger diameter of the fiber, the larger the relative droplet
size that would form would be. The tip was then touched down to a small piece of tape
so that the droplet was deposited onto the tape. The volume of the drop can be calculated
by measuring the thickness of the drop with calipers and measuring the area using an
optical microscope (𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐴𝑟𝑒𝑎 ∗ 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠). The droplet sizes that were used
were 0.00406 mm3, 0.1036 mm3, and 0.2635 mm3. Images taken with the Huvitz (Model
HR3-TRF-P) microscope are shown below.
a)

b)

c)

500 !m

500 !m

200 !m

Figure 7.11 a) 0.2635 mm3 droplet of magnetic drop mixture first deposited on 0.584
mm diameter nylon fishing line then released onto a small section of tape. b) 0.1036 mm3
droplet of magnetic drop mixture first deposited on 0.279 mm diameter nylon fishing line
then released on a small section of tape. c) 0.00406 mm3 droplet of magnetic drop
mixture first deposited on 0.101 mm diameter copper wire then released on a small
section of tape. The “arm” seen on left was due to the copper wire being dragged across
the tape during the depositing process; this was included in the volume measurement.

118

The piece of tape was placed directly onto the magnetometer, so that the drop was
aligned along the axis between the magnetometer and the coil. Distances between the
magnetometer and droplet as well as droplet and coil face were noted. Then the same
calibration process was run for the frequency range of 0-400 Hz, paying attention to the
optimal ranges for 100-200 Hz and 300-400Hz, to see how the amplitude of the magnetic
field reading changes with the different sized droplets in place. Figure 7.12 a) shows the
drop on a piece of tape and Figure 7.12 b) shows the drop on the tape placed exactly on
the center of the magnetometer face. The exact center of the magnetometer was
previously marked.

a)

Magnetic Drop

b)
Droplet in center of
magnetometer.

PSD

Coils

Figure 7.12 a) 0.00406 mm3 magnetic drop deposited on tape which was then placed on
a glass slide for safe transportation within the lab. b) The tape with the magnetic drop
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deposited on it was mounted to magnetometer face. The drop was placed in the exact
center of the magnetometer and then the magnetometer was lined up with the exact center
of the coil’s face for calibration testing.
The presence of magnetic drop did in fact have an effect of the strength of the
magnetic field. The strength measured by the magnetometer was larger when a drop was
present, but it appears that the size of the drop doesn’t impact the strength of the field
below a certain volume threshold. Both the 0.00406 mm3 and the 0.1036 mm3 had
extremely similar responses but then the 0.2635 mm3 drop resulted in a magnetic field
with a slightly larger magnitude, especially at the high frequencies. This drop was created
from being deposited by a 0.584 mm diameter fishing line, which would be much larger
than the fibers that would be characterized typically.
Table 7.2 lists the amplitude and minimum measured voltage of the magnetic
field in the same mannered that was calculate for Table 7.1, once again already
accounting for the subtraction of the natural baseline voltage. Measurements were only
performed one time resulting in no reported standard deviation In this case, the values
were measured when different sized magnetic drops were placed on the magnetometer
and the magnetometer was placed 2.5 mm away from the coil face.
Table 7.2 Summary of magnetic field parameters along the coil axis as a function of
frequency for different sized magnetic drops placed on magnetometer. Measurements
only performed one time resulting in no reported standard deviation.

Frequency (Hz)
0*
25
50
75
100

No Drop
2.59
1.239
1.346
1.478
1.626

Magnetic Field Amplitude (V)
0.26 mm3
0.10 mm3
0.004 mm3
2.56
2.59
2.56
1.2785
1.2475
1.269
1.42
1.355
1.387
1.527
1.488
1.501
1.679
1.5755
1.645

120

125
150
175
200
Frequency (Hz)
25
50
75
100
125
150
175
200

1.6345
1.576
1.604
1.5925

1.6825
1.6445
1.7035
1.7205
1.7035
1.7045
1.767
1.7015
1.6935
1.7
1.675
1.683
Minimum Magnetic Field Value (V)
0.12
0.088
0.101
0.403
0.303
0.337
0.617
0.569
0.565
0.921
0.744
0.853
0.928
0.884
0.97
1.004
1.076
1.028
1.141
1.067
1.099
1.251
1.172
1.263

0.071
0.285
0.549
0.845
0.879
0.884
1.006
1.09

*Natural baseline voltage that all values were adjusted for.
Figure 7.13 shows the amplitude of the magnetic field for the different sized drops
placed at the center of the magnetometer over the frequency range 0-400 Hz. The face of
the magnetometer was placed 2.5 mm from the face of the coil face.
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Figure 7.13 Plot indicating the strength of the magnetic field in the x-direction generated
by the coil at different frequencies for different sized magnetic drops placed on the
magnetometer.

121

Synthetic Fiber Sample Preparation and Drop Tracking
The same steps described previously were taken to create the ferrofluid-glue
mixture. When testing a fiber, it must be heat set in order to straighten it out to get rid of
any preexisting bend in the fiber.
The Yamato DX 600 drying oven was set to the appropriate temperature above
the polymer’s glass transition temperature for the fiber to lose any of its thermal history
and inherent bend (90o C for PET). A section of PET 0.1 mm diameter monofilament was
cut at approximately 8-10 cm. A small binder clip was attached to one of the ends of the
fiber to serve as a weight. Then an alligator clip was clipped to a straightened out paper
clip with the other end of the fiber clipped in as well. This paper clip was then placed on
the shelf in the oven so that the fiber and binder clip hung freely. The fiber was allowed
to heat set for 25 minutes before it was taken out and prepared in the Dia-stron tube for
testing.
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a)

b)

Figure 7.14 a) Monofilament fiber preparation for heat setting with binder clips attached
to free end for weight to straighten out. b) Samples placed in oven during heat setting.
After carefully removing the samples from the oven, small sections of the ends
were cut off from where they were crimped because of the binder and alligator clips. The
fiber was carefully fed into the Dia-stron brass tube until the specified length was sticking
out from the end of the tube. The brass tube with crimped so the fiber was fixed into
place. Then the magnetic drop was applied by dipping the end of the fiber into the
ferrofluid mixture and carefully removing it. The droplet was allowed to dry for
approximately 15 minutes. This step can be repeated to build up the droplet size.

123

Insect Antennae Sample Preparation
Though insect antennae were not yet tested, the following protocol could be used
to prepare such samples. First, a small opening would be cut into the crease of an insect
envelope. The insect would be removed from its jar and placed into a smaller container
and stored in the fridge for 10 minutes. After removing the cockroach from the fridge,
the insect would be placed onto the envelope so that the head and antennae were through
the opening. The envelope flap would be folded down, the insect rolled up, and then
taped together in order to restrain it. The insect would be placed into the insect holder so
that the antennae are exposed through openings, and tape placed over the top of the
holder to keep insect in place.
Then, the antenna tip would be dipped into the ferrofluid-glue mixture and
removed slowly so that the liquid was left behind on the tip and a droplet formed. This
could be repeated as needed in order to build up the droplet size. Then, the Huvitz
microscope would be used to take images of the tip in order to measure the droplet size.

Preparation for Position Tracking Data
After the magnetic drop has been created and applied to the tip of the fiber or
antennae, the sample must be prepared onto the electromagnetic manipulator setup. The
first step was to turn on the PC, all components of the electromagnetic manipulator, and
the Micro Manipulator 3-D stage, also ensuring that power is being supplied to the LED
source. Then the “EM Control Sine Wave” LABVIEW and Hamamatsu C9068 Position
Detection programs were opened. In the C9068 software, “Continuous Display” was
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selected, and the initial position of the sensor is noted to be used as a baseline constant
(Note: the initial position maybe not be exactly X = 0 due to the positioning of the LED
pointing towards the PSD). The brass tube or insect holder was taped to the surface of
the stage on the Micro Manipulator so that the antenna/fiber was hanging downward
freely, and the length of the exposed sample to the end of the droplet was measured and
recorded. The angle of the fiber sample relative to a straightened, weighted sample was
documented by capturing an image using a camera phone on a tripod and measured in
ImageJ. Also, when testing antennae, the direction of movement has to be noted, whether
it is oscillating in the ventral/dorsal direction or the medial/lateral direction.
The Micro Manipulator with attached fiber is used to place the drop in between
the coils at the previously recorded, baseline initial position of the PSD. The distance
between the drop and the coil’s face must be recorded. For example, when conducting
experiments when the drop is 3 mm away from the coil face, place the drop so that it is
just touching the coil face. Then move the Micromanipulator stage exactly 3mm
horizontally away from the face. Then move the droplet vertically until it is out of the
active area of the sensor – record the position measured on the sensor. Then move the
sample back down in front of the sensor and record the starting position using the
manipulator travel length.
Using the LABVIEW program, the parameters for the coil should be set. For
example, set one coil’s voltage to 0 V and the frequency is 0 Hz. This coil will not be
used in experiment. The other coil’s voltage can be set to the optimal value of 6 V and to
the desired frequency for each specific measurement. When testing at higher frequencies,
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the coils needed to warm up for 2-5 minutes after activation. Then the program is started
and the switch under the parameter settings is turned on to activate the coils. An indicator
light on the circuit board would light up to show when the coil is on.
While the LABVIEW program is running, the C9068 software is opened to ensure
that the drop is seen by the position sensor and in fact oscillating. To track the position
of the droplet during oscillation, “continuous display” has to be ended, “Record Data”
has to be selected, and the desired data acquisition parameters have to be input. These
parameters are noted in order to calculate the total time of recording the data. “Start” is
selected to begin recording the position of the droplet during oscillation. After the data
has been collected, the switch under the coil parameters in LABVIEW should be turned
off to temporarily stop the coils. The data is saved, then one should open the Notepad
application, and resave as a .TXT file. This is then analyzed in Microsoft Excel. The
process can be repeated for other desired frequencies.

PSD vs. Camera Tracking Comparison
The results from tracking the position of the fiber tip with the PSD versus with
image analysis using LABVIEW were compared to confirm the efficiency of the PSD
sensor. This is to ensure that the PSD was picking up the correct oscillation that was seen
using the high-speed camera. This was done by sampling the position of the fiber tip
with the PSD from its original resting position to its equilibrium oscillating position and
comparing it to the video during the same timeframe by conducting image analysis with
MATLAB. Data was collected by quickly starting the coils and then begin recording
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with the PSD and camera during the 3 second delay that occurs between when the coils
switch on to when they’re activated. The PSD position data was then saved and loading
into Excel to determine position relative to the time. A MATLAB code was used to track
the position of the fiber tip over the video frames, which was then converted to a similar
Position vs. Time graph.
First, the original video must be cropped in ImageJ so that only the drop and a
short section of the fiber are within the viewing area. The MATLAB code (attached to
end of document) then uses an edge detection method to determine the position of the
boundary between the fiber/drop compared to the white background. Data points from
these edges were extracted. Then, the code found the location of the coordinate on the
very bottom left tip of the fiber, shown in Figure 7.15. The MATLAB code applies the
edge detection algorithm to each individual frame yet only takes approximately 3 minutes
to run the entire code.
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Figure 7.15 Images of magnetic drop attached to PET monofilament from video
recording used in MATLAB image analysis. Circled point indicates the specific point
being tracked by the code. A 4 cm long 0.1 mm diameter polyethylene terephthalate
(PET) monofilament was used and dipped into the ferrofluid mixture 3 times resulting in
a droplet approximately 0.5 mm in diameter. Wave form signal was a positive only
sinewave function with amplitude of 6 V and frequency of 100 Hz. a) Initial position at 0
s right before electromagnet attracts drop to the right b) Position at 0.005 s as drop is
pulled to the right. c) Position at 0.01 s as drop is pulled to the right approaching the
maximum distance. d) Position at 0.015 s, maximum distance in oscillation motion. e)
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Position at 0.02 s as drop relaxes and moves to the left. f) Position at 0.025 s as drop
relaxes and moves to the left.
The center of this coordinate was located at the bottom, left-most edge of the
fiber, as shown in Figure 7.15. This was tracked frame by frame and compiled into a
matrix. This set of data was smoothed out and both the raw and smoothed data points
were plotted and exported to Excel for further analysis. It is at this point that the data
from the video was compared to the data measured by the sensor. Because the sensor
started sampling at a different moment in time compared to the camera, the data must be
“zeroed” to compare their responses at the moment when oscillation begins. This was
simply done by locating the first grouping of data points that deviate from the resting
position before oscillation. Figure 7.16 illustrates the comparison of these two scenarios.
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Figure 7.16 Graph showing comparison of the PSD vs the video analysis tracking the
position of the magnetic drop on monofilament fiber. a) Plots position data from the PSD
as well as the raw and smoothed position data from MATLAB analyzed images. b) Only
shows the PSD data and the smooth data from MATLAB to illustrate the convergence
towards an equilibrium oscillation frequency.
From this graph, it is evident that the PSD accurately tracked the periodicity since
that the sine wave from the PSD samples line up with the sine wave from the samples
tracked by the camera. One can also see that after initial movement, it takes
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approximately 1 second for the moving droplet to reach its equilibrium oscillation motion
i.e., where the wave exhibits consistent amplitude and frequency. The raw position data
from the camera follows the periodicity and a similar amplitude for the initial oscillation
movement but becomes unclear to follow once equilibrium oscillation is reached. The
smoothed data from the camera exhibits this convergence on the equilibrium oscillation
motion, Figure 7.16 b). The question remained about how the difference in position
occurred between the PSD and the camera. The problem lies within the uncertainty of
how exactly the PSD collects its data since the fiber tip/drop blocks or partially blocks
multiple photodiodes at one time. The best course of action determined was to collect
samples using the PSD but also record a video at each sample’s maximum and minimum
frequency. Using these videos, a correction factor could be determined to correlate the
PSD data with the data extracted by the videos at the corresponding frequency.

Observed Resonance in Synthetic Fiber Samples
During preliminary experimentation with synthetic monofilament fibers, the
resonant frequency at which the fiber would oscillate at naturally was observed.
Resonance occurs when a system is easily able to transfer between kinetic and potential
energy and results in an increased amplitude at that specific frequency. In this case, a
larger amplitude (change in droplet position) was observed at a specific resonant
frequency and yet a few hertz above or below this value would result in significantly
lower amplitude. This phenomenon could also be seen visually due to how significant
the increase in amplitude was.
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Table 7.3 lists the fiber samples’ features and resonant frequencies as well as the
maximum frequency before motion was no longer detected by the PSD or the high-speed
camera. Generally, the shorter samples resulted in higher resonant frequencies.
Measurements were only performed one time resulting in no reported standard deviation.
Table 7.3 Description of Samples used in Preliminary Testing and their resonant and
maximum frequencies. Measurements only performed one time resulting in no reported
standard deviation.
Sample #

Material

Diameter
(mm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

PET
PET
PET
PET
PET
PET
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon
Nylon

0.1
0.1
0.1
0.1
0.1
0.1
0.28
0.28
0.28
0.28
0.28
0.28
0.1
0.1
0.1
0.1
0.1
0.1

Length
(cm)
4
4
4
2
2
2
4
4
4
2
2
2
4
4
4
2
2
2

Resonant
Frequency
(Hz)
21
22
25
58
57
49
28
28
29
74
75
78
16
14
15
60
58
59

Maximum
Frequency
(Hz)
108
105
115
145
140
145
100
100
100
160
148
145
140
145
143
135
130
138

Also, as the applied frequency was increased, typically a smaller
amplitude/change in position was observed. Except in the case of the resonant frequency.
Figure 7.17 illustrates sample 4 as described above at two different frequencies. Figures
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7.17 a)-c) show minimal movement at the lower frequency (45 Hz) compared to the
much great amplitude exhibited in d)-f) at the resonant frequency which is larger (58 Hz).

Figure 7.17 a)-c) 2 cm PET monofilament with ~0.5 mm diameter magnetic drop
oscillating at 45 Hz at its left most, center, and right most positions. d)-f) 2 cm PET
monofilament with ~0.5 mm diameter magnetic drop oscillating at 58 Hz at its left most,
center, and right most positions. Note the much larger change in position due to the
resonant frequency.
Further Developments
Due to the nature of developing a novel, unique device, this setup, and
calibration of the electromagnetic manipulator is preliminary and still being perfected.
This work was to describe the present state of this device and explain the need for
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creating such a device. Development of this device will be carried on by another member
of the research group as the initial trials proved worthwhile to finalize and perfect this
instrument for fiber characterization. Upon its completion, the electromagnetic fiber
manipulator will be able to carry out testing on fiber samples as well as live insect
antennae to determine their damping properties. The goal is to understand completely the
effect of magnetic field and characterize the coils under all possible conditions as well as
creating an automated loading feature so that fiber samples can be loaded into the device
and placed at the exact, precise location between the coils every test. This will in turn,
make the electromagnetic fiber manipulator a reliable device to characterize damping
properties for a wide range of materials without mechanically exerting a force directly on
the fiber and with little effect from human and environmental factors.
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Appendix A
Supplementary Material
Table A-1. Summary of experimental conditions during which MicroTensile Testing was
conducted.
Sample #
P.
americana
9
11
12
13
20
22
23
26
28
30
M. sexta
3
4
16
17
18
19
20
21
22
23
24
28
V. cardui
9
15
16

Date

Time

Temp (C )

Humid
(%)

2/19/20
2/25/20
2/27/20
3/2/20
3/11/20
5/20/20
5/21/20
5/29/20
6/10/20
6/16/20

9:20 AM
9:15 AM
8:40 AM
10:45 AM
10:10 AM
10:43 AM
10:01 AM
11:17 AM
1:45 PM
10:00 AM

22.6
22.6
22.3
22
22.2
21.4
21.7
22.7
22.5
21.9

41
27
24
26
27
51
58
77
76
53

2/13/20
2/13/20
2/13/20
2/13/20
2/13/20
5/20/20
5/20/20
5/20/20
5/20/20
5/20/20

6
12
14
18
27
0
1
9
21
27

8/25/20
8/25/20
3/30/21
3/30/21
3/30/21
4/21/21
4/21/21
4/26/21
4/26/21
4/26/21
5/11/21
8/16/21

2:35 PM
2:35 PM
2:45 PM
2:45 PM
2:45 PM
10:40 AM
10:40 AM
11:15 AM
11:15 AM
11:15 AM
11:10 AM
2:00 PM

19
19
22
22
22
23
23
23
23
23
21
22

33
33
35
35
35
35
35
37%
37%
37%
64%
84%

8/22/20
8/22/20
3/29/21
3/29/21
3/29/21
4/20/21
4/20/21
4/26/21
4/26/21
4/26/21
5/9/21
8/8/21

3
3
1
1
1
1
1
0
0
0
2
8

3/25/21
4/29/21
4/29/21

10:30 AM
12:30 PM
12:30 PM

22.4
23
23

56%
66%
66%

3/22/21
4/27/21
4/27/21

3
2
2
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Batch

Insect Age
(Days)

17
18
19
20
21
22
23

4/29/21
5/11/21
5/11/21
6/1/21
6/1/21
6/1/21
6/1/21

12:30 PM
11:10 AM
11:10 AM
12:00 PM
12:00 PM
12:45 PM
12:45 PM

23
21
21
22
22
23
23

66%
64%
64%
58%
58%
56%
56%

4/27/21
5/2/21
5/2/21
5/30/21
5/30/21
5/30/21
5/30/21

2
9
9
2
2
2
2

Antennal Cross Sectional Area Measurement
Dimensions of the antennae were measured to calculate the cross-sectional area
used for stress-strain data. Figure A-1 illustrates how the thickness, radius, and contour of
each type of antenna was measured. For Periplaneta americana and Vanessa cardui, the
thickness was measured in cross-sectional view from the inner edge of the flagellomere
to the outer, Figure A-1 a,c). The diameter was measured from the side by measuring the
distance from one side of the flagellomere to the other, Figure A-1 b, d). Using these
parameters, we calculated the area as a disk, with the equations in Chapter IV.
Due to the unique structure of the flagellomeres of Manduca sexta, the crosssectional area was calculated differently, as explained in Chapter IV. Figure A-1 e)
illustrates the cuticular ring that connects adjacent flagellomeres and how the contour
length and thickness were measured. These two parameters were used to calculate area.
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Figure A-1 a) Cross sectional view of antenna of Periplaneta americana with thickness
measurement. b). Side view of antenna of P. americana with diameter measurement. c)
Cross-sectional view of Vanessa cardui with thickness measurement. d) Side view of V.
cardui with diameter measurement. e) Cross-sectional view of antenna of Manduca sexta
with cuticular ring thickness and contour measurements.
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Preparation of MicroTensile Samples

Figure A-2 Depiction of Periplaneta americana antenna as a MicroTensile sample, as
described in the preparation procedure in Section 2.5. The antenna is mounted in the
paper C-holder with a copper wire placed next to the antenna for size reference. The left
clamp remains motionless while the right clamp moves at 2 mm/min.

b)

a)

c)
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Figure A-3 The normalized stresses can be approximated with a cubic polynomial
function. a) A J-type stress-strain curve describing all sets of data collected on 10
antennae of Periplaneta americana. b) J-type stress-strain curve describing all sets of data
collected on 10 antennae of Vanessa cardui. c) A stress-strain curve describing all sets of
data collected on 10 antennae of Manduca sexta.
Poisson’s Ratio Landmark Illustration
As described in Section 2.6, Poisson’s ratios were calculated for a flagellomere
and a membrane connection between flagellomeres for each insect antenna. Figure A-4
illustrates how the measurements were taken. To determine the diameter of a
flagellomere, a unique defect or sensilla articulation was used as an identifiable position
at which to start the measurement. For example, the point where the sensilla and the
flagellomere met was primarily used. A line was drawn perpendicular to the antennal axis
to the opposite side of the flagellomere. A similar process was also completed at the
connection between flagellomeres. These measurements were used in the equations in
Section 2.6 to calculate Poisson’s ratio.

Figure A-4. a) Reference state of the antenna of Periplaneta americana for Poisson’s
ratio measurements for cockroach antenna at t= 0 s. The solid line refers to the initial
diameter of the connection between flagellomeres and the dashed line refers to the initial
diameter of the flagellomere. b) Poisson’s Ratio measurements for cockroach antenna at
t= 0.74 s. A measurement taken at a membrane connection (left) and at sensilla bases
(right) to describe the flagellomere. Notice how the diameter of the connection between
flagellomere increases whereas the diameter of the flagellomere itself decreases.
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Appendix B
MATLAB Codes
MATLAB code for obtaining the centroids of antenna cross section:

Table of Contents
Organization of Coordinates ..................................................................................................
Analysis of External Cuticle .................................................................................................
Analysis of Hemocoel ..........................................................................................................
Final Plot ...........................................................................................................................
Export Data to Excel ...........................................................................................................

1
2
3
3
3

Organization of Coordinates
clear
clc
close all
dbstop error
set(0,'DefaultAxesFontSize',14,...
'DefaultAxesFontName','Times New Roman');
set(0,'DefaultTextFontSize',14,...
'DefaultTextFontName','Times New Roman');
NumbP=[];
ContP=[];
fname = 'Antenna_test'; % file with contours
%if located somewhere, add location
loc = '';%'Data\PublicationAlphaGravity\';
data = table2array(readtable([loc, fname, '.csv'])); %load data set
from excel to matlab
[rownum,colnum]=size(data); %getting the number of rows and columns in
data as reference
num1 = data(:, [1,2]);
%external contours
num1(isnan(num1(:,1)),:) = [];
num2 = data(:, [3,4]);
%internal contours
num2(isnan(num2(:,1)),:) = [];
num3 = data(:, [5,6]);
%trachea/antennal nerve
contours
num3(isnan(num3(:,1)),:) = [];
[num3row,num3col] = size(num3);
if colnum == 8
%if theres a second section of
trachea/antennal nerve contours
num4 = data(:, [7,8]);
num4(isnan(num4(:,1)),:) = [];
else
end
% external contour
num = cleanContour(num1);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xext=[num(:,1);num(1,1)]; %x values of external contour of cuticle

1
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Yext=[num(:,2);num(1,2)];%y values of external contour of cuticle
%internal contour
num = cleanContour(num2);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xint=[num(:,1);num(1,1)]; %x values of internal contour of cuticle
Yint=[num(:,2);num(1,2)]; %y values of internal contour of cuticle
%contour of trachea
if exist('num4','var') == 1
num = cleanContour(num3);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xcir_a=[num(:,1);num(1,1)]; %x values of trachea a
Ycir_a=[num(:,2);num(1,2)]; %y values of trachea a
num = cleanContour(num4);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xcir_b=[num(:,1);num(1,1)]; %x values of trachea b
Ycir_b=[num(:,2);num(1,2)]; %y values of trachea b
Xcir = [Xcir_a;Xcir_b];
Ycir = [Ycir_a;Ycir_b];
else
if num3row ~= 1
num = cleanContour(num3);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xcir=[num(:,1);num(1,1)]; %x values of trachea
Ycir=[num(:,2);num(1,2)]; %y values of trachea
else
Xcir = num3(1,1);
Ycir = num3(1,2);
end
end
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'k') %plotting of contours
%plotting whole galea
figh = figure(1);
title('Contours of Antenna')
hold on
axis equal
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'k')

Analysis of External Cuticle
triangulation between external contour and internal contour
figure(2)
title('Area of cuticle')
[ p, ~, t] = trianglemesh(Xint(1:end-1)',Yint(1:end-1)',...

2
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Xext(1:end-1)',Yext(1:end-1)');
% center of mass of antenna
[xCshell, yCshell, Ssol] = centerofmass(p,t);
%figure(3)
%plot(0, yCshell, 'o', 'MarkerFaceColor', 'black')
%plot(xCshell*[1,-1], yCshell*[1,1], 's', 'MarkerFaceColor', 'black')
% moment of inertia
% with respect to center of mass of antenna
[Ixx,Iyy,Ixy] = tensorofInertia(p, t, xCshell, yCshell); %changed from
0 to xCshell

Analysis of Hemocoel
triangulation between internal contour and trachea/antennal nerve contour
figure(4)
title('Area of Liquid')
[p, ~, t] = trianglemesh(Xcir(1:end-1)',Ycir(1:end-1)',...
Xint(1:end-1)',Yint(1:end-1)');
% center of mass
[xCliq, yCliq, Sliq] = centerofmass(p,t);

Final Plot
%plotting final result
figure(5)
title('Final Contour of Antenna with Center of Masses')
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'k', xCshell,
yCshell, '*r', xCliq, yCliq, '*b')

Export Data to Excel
filename = fname;
A = {'Ixx' 'Iyy' 'Ssol' 'xCliq' 'yCliq' 'Sliq'; Ixx Iyy Ssol yCliq
xCliq Sliq};
sheet = 1;
xlRange = 'A1';
xlswrite(filename,A,sheet);
% %plot(Xext(k([imax:imax+1])),Yext(k([imax:imax+1])),'ro')
Published with MATLAB® R2019b

3
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MATLAB code for obtaining radii of curvature of bent antennae:

clear
clc
prompt ='Were contours extracted (1) or traced manually (2)?
answer = input(prompt);

-->

';

if answer == 1
file = readmatrix('moth 30 dorsal bend.txt'); %reads values from
TXT file of extracted LABVIEW contours
file = file'; %transpose to columns
XY = file(:,2:3); %creates matrix of x coordinates and y
coordinates
end
if answer == 2
file = readmatrix('Circle_fit_traced_contour.xlsx'); %reads values
from excel file of traced LABVIEW contours
XY = file(:,1:2);
end
xcoord = XY(:,1);
ycoord = XY(:,2);
Par = CircleFitByPratt(XY) %uses open source code to determine center
and radius of circle as described by coordinates
x = Par(1); %x coord of center
y = Par(2); %y coord of center
r = Par(3); %radius of circle
center = [x,y];
radius = r;

figure
plot(xcoord,ycoord,x,y,'*','LineWidth',2.5) %plots contour coordinates
and marks center of circle
hold on
h = circle(x,y,r); %plots circle described by center and radius
xlabel('X Coordinates of Contour')
ylabel('Y Coordinates of Contour')
title('Radius of Curvature of Extracted Contours')
str = string(r);
txt = ['Radius =',str];
text(x-10,y,txt)
Published with MATLAB® R2019b

1
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